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INTRODUCTION 
 
Hearing is an essential feature to enable communication between humans or for 
them to enjoy music. As we live in a demanding society that relies heavily on 
communication, it is of vital importance to be able to hear sounds and to 
understand speech. Under normal circumstances, the auditory system starts to 
develop during gestation. Although it is not until the age of about four years that a 
child is able to speak in grammatically correct sentences (Bishop and Leonard, 
2000), auditory perception skills undergo significant development before the age of 
six months (Yoshinaga-Itano et al. 1998). Thus, there is a short optimal period in 
which auditory perception skills show important progression, whereas the 
development of (spoken) language takes much longer. This has resulted in the 
introduction of universal neonatal hearing screening programmes in a number of 
countries and a subsequent increase in the referral rate in this age group. 
Behavioural testing of auditory perception skills is difficult if not impossible in 
children of up to six months of age. As the ability to hear frequency-specific 
sounds is a prerequisite to perform more complex tasks, such as language and 
speech perception, it would be very useful to assess whether infants can hear 
these tones and to estimate the chance that speech perception and spoken 
language  will develop normally. To deal with the specific demands in this age 
group, it was recognized that any hearing tests would have to be objective to avoid 
the need for the infants to respond actively to sounds. For screening purposes, the 
oto-acoustic emission technique is a valuable tool to assess whether the ears are 
functioning properly. For diagnostic purposes, most attention has been paid to the 
click ABR (Auditory Brainstem Response evoked by a click). Most of the objective 
techniques have in common that electrophysiological responses to auditory stimuli 
on the cochlear, brainstem or (sub)cortical level are measured with electrodes 
placed on the infant’s head. The responses are so small that they can only be 
detected on the EEG after the background noise has been reduced by some form 
of averaging (Geisler, 1960). As averaging takes up valuable recording time, it is 
important to minimize the noise level so that hearing thresholds can be  estimated 
at the clinic in a fairly short time. At present, long recording times are one of the 
drawbacks of all the objective frequency-specific audiometric techniques. In the 
next section, an outline is given of the different objective audiometric tools.  
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OBJECTIVE ELECTRO-PHYSIOLOGICAL AUDIOMETRY 
 
Click ABR 
The click ABR is a neural response to a short acoustic click. Headphones or insert 
earphones transform square electrical clicks with a repetition rate of between 
about 10 – 45 Hz and a duration of about 100 µs, into audible clicks with a 
duration of about 1.5 ms. They have a broad frequency spectrum of between 
about 100 Hz and 6 kHz (Stapells and Oates, 1997). The advantage of using such 
a short and spectrally broad stimulus is that the clicks cause a large proportion of 
the nerve fibres in the cochlea to fire more or less synchronously, which creates a 
large compound action potential. This makes it relatively easy to detect responses 
to clicks. To distinguish neural responses from the background EEG, typically 
2000 responses need to be averaged in the time domain. They show a distinct 
pattern of peaks and troughs in subjects with normal hearing. Hearing thresholds 
can be estimated by starting with a high stimulus intensity and descending to lower 
stimulus intensities as long as replicated measurements show a response pattern 
that is distinct from the noise (EEG noise + electronic noise). Click ABR thresholds 
correlate best with the pure tone audiogram at 2 to 4 kHz in subjects with normal 
hearing, or in subjects with flat hearing loss (Gorga et al., 1985; Van der Drift et 
al., 1987; Conijn et al., 1992). This means that if a patient has sloping hearing 
loss, it is more difficult to interpret. Another limitation of the click ABR is that 
responses can only be evaluated in one ear at a time. This is inherent to response 
detection in the time domain. Stimulation of both ears simultaneously would give a 
mix of responses to the clicks from both ears, which would make it impossible to 
discriminate between left and right. Therefore, estimation of the hearing thresholds 
in two ears takes about twice the time of unilateral measurement. Despite these 
drawbacks, the click ABR has become a widely accepted clinical tool, mainly 
because the responses can be evoked fairly easily within a short time with 
reasonably well replications and also because the click ABR threshold gives a 
good indication of a person’s hearing ability in the high frequency range that is vital 
for speech perception.  
 
Click ABR with high-pass noise masking 
The click ABR with high-pass noise masking can be used to estimate frequency 
specific hearing thresholds (Teas et al., 1962; Don and Eggermont, 1978; 
Thümmler et al., 1981). Basically, the equipment and response analysis method 
are the same as those in the click ABR. Due to the shape of the tuning curves, it is 
assumed that the high-pass noise will show little spread to the lower-frequency 
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regions in the cochlea. Therefore, the responses will be produced by the nerve 
fibres associated with these lower-frequency regions. Frequency-specific 
responses can be derived by subtracting pairs of averaged responses evoked one 
after the other with clicks to which high-pass noise has been added in adjacent 
octave bands. For example, if an average response A is obtained using a click 
stimulus plus high-pass noise that masks all the energy above 1 kHz and average 
response B is obtained with high-pass noise that masks all the energy above 2 
kHz, the difference between A and B would predominantly show the response to a 
stimulus with a frequency range of between 1 and 2 kHz. In this way, narrow band 
responses can be derived from specific locations on the basilar membrane (Don 
and Eggermont, 1978, Parker and Thornton, 1978). One drawback of this 
technique is that the procedure takes a fairly long time: at any intensity, one 
response more must be recorded than the number of frequency bands under 
investigation. Second, the subtraction procedure decreases the signal to noise 
ratio of the response (Stapells et al., 1994).    
 
Tone-pip ABR 
Instead of using clicks, it is also possible to use short tones, called tone-pips, to 
evoke frequency-specific ABRs. To take full advantage of these responses, two 
inversely related issues have to be addressed, namely frequency-specificity 
versus time specificity of the tone-pips. In order to be frequency-specific, each 
tone-pip needs to have a sufficiently long duration. The longer the tone-pip, the 
more frequency-specific its acoustic spectrum. On the other hand, the stimulus 
needs to be localized within a time window that is as narrow as possible, in order 
to achieve optimally high synchrony of the neural responses. A compromise 
between these two contradictory demands has been found in tone pips that have a 
rise and fall time of 2 cycles and a 1 cycle plateau (Stapells and Oates, 1997). 
High correlations were found between tone-evoked ABRs and behavioural hearing 
thresholds: ≥ 0.94 with 500 Hz, 2000 Hz or 4000 Hz tones (Stapells et al., 1995). A 
pilot study by Conijn et al. (1992) showed that ABR thresholds in response to 500 
Hz filtered clicks were about 15 dB higher and had a larger standard deviation 
than those measured with 1000 Hz filtered clicks. Many other studies showed 
reasonably accurate estimates of the pure tone behavioural thresholds using tone-
evoked ABR, as was summarized by Stapells (2000) in a literature meta-analysis. 
In subjects with normal hearing, the following mean tone-ABR thresholds and 95% 
confidence intervals were found with 0.5, 1, 2 and 4 kHz tone-pips: 20.4 (18.8-
21.9), 16.2 (14.9-17.4), 13.4 (12.3-14.4) and 11.8 (10.7-12.8) dB nHL respectively. 
In the meta-analysis, tone-evoked ABR thresholds also showed larger values with 
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500 Hz tones than with higher frequency tones. Although on average, these values 
made reasonably accurate estimates, some of the studies in the analysis showed 
large variability in mean dB nHL values (standard deviation) in response to 500 Hz 
tone-pips: 34.0 (15.6) Gorga et al. (1988) and 22.5 (12.5) Stapells et al. (1990). 
Despite these good results, tone-pip ABR has not become widely accepted in 
clinical practice, mainly because of the low signal to noise ratio of the responses, 
which results in lengthy measurement sessions. 
 
Auditory steady-state responses 
A new area of auditory evoked potentials was discovered by Galambos et al. 
(1981) who found that the clearest neural responses to short tones occurred at a 
stimulus repetition rate of 40 Hz, as opposed to other stimulus rates within the 10 
– 55 Hz range. They suggested that this 40 Hz response might be the result of the 
summation of middle latency responses to clicks or tone bursts that were 
presented at rates of 10, 20 or 40 Hz. Rickards and Clark (1984) showed that 
auditory steady-state responses (ASSRs) could be detected using modulation 
frequencies in a broad range of 4 to 512 Hz and that the amplitude decreased as 
the modulation frequency increased.  
The auditory steady-state response (ASSR) is closely related to the amplitude 
modulation frequency and arousal state. Two main regions of amplitude 
modulation frequencies were found that produced strong responses: one region of 
between 35-45 Hz (for simplicity referred to as “40 Hz”) and a second region of 
between 80-100 Hz (referred to as “90 Hz”). The 40 Hz modulation frequency 
produced strong responses in adult subjects when they were awake. However, 
while asleep, the response amplitude decreased to about one half of that recorded 
while awake (Cohen et al., 1991). Furthermore, in infants, the 40 Hz responses 
could not be detected reliably (Stapells et al., 1988, Levi et al., 1993, 1995). In 
contrast, the 40 Hz response, auditory steady-state responses evoked in the 90 
Hz range remained stable during sleep and they could also be detected reliably in 
adults (Cohen et al., 1991) and in infants (Rickards et al., 1994; Lins et al., 1996).  
The stimuli used to evoke steady-state responses comprise continuous tones that 
evoke perfectly synchronised responses. This is due to amplitude modulation of 
the carrier tone and response detection in the frequency domain at the modulation 
frequency, instead of in the time domain as is done in ABR detection. The stimuli 
consist of a continuous tone (or carrier frequency) that is amplitude modulated with 
a constant frequency. As a result, the stimulus only contains energy at about the 
carrier frequency. To be more precise, energy is present at the carrier frequency 
and at one sideband above and one below the carrier frequency at a distance of 
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the amplitude modulation frequency. Thus, the stimulus is highly frequency-
specific. However, no energy whatsoever is present at the modulation frequency 
itself.  
A second factor that determines frequency specificity is the site of impact of the 
auditory stimulus on the basilar membrane. During auditory stimulation, waves 
travel over the basilar membrane from the base (where the high frequencies are 
detected) to the apex (where the low frequencies are detected). When the 
frequencies are audible, the basilar membrane acts as a spatial filter. Each part of 
the membrane resonates with maximum amplitude in response to a different 
frequency and is connected to nerve fibres that produce a certain frequency 
sensation in the human brain. However, the travelling wave maximum moves 
along the basilar membrane during its development, so it is difficult to determine 
the exact initiation site of the response. Site specificity of auditory steady-state 
responses to 40 Hz stimuli was studied by Klein (1983) using tone-on-tone 
masking. Good frequency specificity of the tuning curves was found at frequencies 
of 500 to 4000 Hz with intensities of up to 80 dB SPL. Herdman et al. (2002b) 
investigated site specificity of the 80 Hz auditory steady-state response. Stimuli 
were 500 - 4000 Hz tones with an intensity of 60 dB SPL. High-pass noise 
masking was used to estimate the bandwidth of the responses. A bandwidth of 
about one octave was found. 
Responses to the amplitude modulated carrier frequencies are detected in the 
frequency domain as a distinct peak at the modulation frequency by a statistical 
criterion, which eliminates any bias from an examiner. Therefore, if the EEG 
shows significantly increased energy at the modulation frequency, it can be 
concluded that this is a response from the auditory system. Also, responses at 
multiples of the modulation frequency may be present, but these have a lower 
amplitude, (Lins et al., 1995a). A second advantage of auditory steady-state 
response (ASSR) detection in the frequency domain is that multiple carrier 
frequencies can be presented with different amplitude modulation frequencies to 
discriminate each response when several stimuli are presented simultaneously 
(e.g. 0.5, 1, 2 and 4 kHz). When stimulus intensities are below 60 dB SPL and the 
carrier frequencies are at least half an octave apart, ASSRs can be detected to at 
least four stimuli per ear (e.g. 0.5, 1, 2, 4 kHz tones) and evaluated simultaneously 
without any significant interactions. 
At present, the nature of the auditory steady-state response (ASSR) is not fully 
understood. One explanation for the occurrence of a response at the modulation 
frequency is that the inner hair cells and the ganglion cells perform non-linear 
processing of the auditory signals (Lins et al., 1995a). Non-linear processing 
CHAPTER 1 
14 
transfers energy from the stimulus frequency to the modulation frequency, while 
the degree of non-linearity determines the amount of power that is transferred. 
Herdman et al. (2002a) investigated the locations of the sources of 90 Hz and of 
40 Hz ASSRs. They found that the brainstem was the main source location of the 
90 Hz response, whereas the brainstem and the cortical areas were the main 
source locations of the 40 Hz responses. 
A detailed description of the auditory steady-state response (ASSR) was given by 
Lins et al. (1996) and reviewed by Picton et al. (2003). Below, a short description 
is given of the auditory steady-state response (ASSR) stimulus and recording 
methods used in the present studies. 
 
Figure 1. Diagram of the auditory steady-state response (ASSR) equipment used in the 
present studies. Details are given in the text. A computer programme generates an 
amplitude modulated (AM) stimulus (a sequence of numbers) that is sent to a data 
acquisition card. This card transforms the sequence of numbers into an analogue signal 
repeating itself every second. Over-all sound intensity is controlled in steps of 5 dB by an 
audiometer. Headphones transform the attenuated analogue signal into audible stimuli. 
EEG signals are picked-up with surface electrodes and amplified by a pre-amplifier. The 
amplified EEG signal is digitised by the same data acquisition card that generates the 
stimulus. 
 
Auditory Steady-State Response. Stimulus and recording methods used in the 
present studies 
Figure 1 shows a diagram of the stimulus and recording equipment that was used 
in the present studies. In more detail, the following happens: the computer 
generates a stimulus that is sent to a ring buffer in the data acquisition card 
Cz
ComputerStimulus attenuator
(Audiometer) Pre-amplifier
Head box
L R
Data acquisition card
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(National Instruments, NI-6040E). After the recording has started, the data 
acquisition card generates auditory stimuli with 32 kHz at 12 bit resolution and 
digitises the analogue EEG signal input from the pre-amplifier with 12 bit resolution 
at 4 kHz or 8 kHz sampling rate per channel. A crucial aspect of the recording 
procedure is that the base-clock and the sampling rate of the auditory stimuli or 
the EEG sampling have an integer ratio. In our set up, the base-clock frequency 
(20 MHz) was divided by 625 to generate the 32 kHz sampling frequency that 
produces the auditory stimuli. The EEG sampling rate of 4 kHz or 8 kHz was 
generated by dividing the base-clock frequency by 5000 or 2500. In this way the 
auditory stimulus sampling rate and the EEG sampling rate are perfectly time-
locked. An example of an auditory stimulus is given in Figure 2.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2. An example of a 2 kHz auditory stimulus with 100% amplitude modulation at 90 
Hz. The left half of the figure shows a 0.05 second section of the time signal. The right half  
shows the frequency spectrum of the time signal. There are peaks at 2000 Hz, 1910 Hz 
and 2090 Hz. No spectral peak is visible at 90 Hz, because the stimulus did not contain 
energy at this amplitude modulation frequency.  
 
Responses were measured on the scalp with Ag/AgCl electrodes. The small 
electro-encephalografic (EEG) signals were amplified by a pre-amplifier and 
digitised by the data acquisition card. An EEG recording contains responses to the 
auditory stimuli, buried in noise (amplifier noise + EEG noise). The Auditory 
Steady-State Response (ASSR) was analysed in the frequency domain. This was 
accomplished by transforming the average EEG from the time domain into the 
frequency domain by Fast Fourier Transformation (FFT). EEG data points from 16 
epochs of 1.024 s were linked to an array with 16.384 s of EEG (a sweep). Thus, 
the frequency resolution was 1/16.384=0.061 Hz. A total of 16 sweeps were 
averaged before they were analysed by FFT. A clear ASSR showed a distinct 
peak at the modulation frequency and stood out from the EEG noise. An example 
of a response is shown in figure 3. Based on the work by Zurek (1992), who 
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showed that power estimates at the modulation frequency and neighbouring 
frequencies are distributed as chi-square, Dobie and Wilson (1996) have pointed 
out that their ratio can be tested as an F statistic. In the present studies, an F 
value of 3.75 with 2 and 120 degrees of freedom was used to decide whether the 
power at the modulation frequency was statistically significantly (p=0.025 false-
positive rate) above the noise power. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. An example of an Auditory Steady-State Response (ASSR) evoked by a 93.75 
Hz modulated carrier of 2000 Hz. The left half shows a 1 second time series of EEG 
signal (filtered between 20-200 Hz). The right half displays the frequency spectrum around 
the modulation frequency of a recording that lasted for 4.4 minutes. A clear ASSR stands 
out from the EEG noise. 
 
 
Present results with the ASSR and limitations of the ASSR in a clinical setting 
Results: correlation between the behavioural threshold and ASSR threshold 
Luts et al. (2004) investigated how accurately behavioural hearing thresholds 
could be estimated with ASSRs that were amplitude modulated at between 80-110 
Hz. They presented multiple stimuli to both ears simultaneously, as described by 
John et al. (2001a). Table 1 presents the mean differences in ASSR thresholds 
above the behavioural thresholds and their standard deviations. Responses were 
recorded for 4.4 minutes per intensity level (average testing time: 55 minutes) in 
adults with normal hearing. In hearing impaired subjects, the average testing time 
was 75 minutes. Herdman et al. (2003) studied differences between ASSR 
thresholds and behavioural thresholds in adults with flat/shallow-sloping hearing 
impairment and in adults with steeply sloping sensorineural hearing impairment 
(Table 1). Average recording times were 44 minutes and 49 minutes in the adults 
with flat/shallow audiograms and in the adults with steeply sloping audiograms 
respectively. Lins et al. (1996) determined ASSR thresholds in adults with normal 
hearing and in infants of younger than 10 months (Table 1). Their testing 
procedure to estimate hearing thresholds took between 30 and 60 minutes. 
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Table 1. Mean differences in ASSR thresholds above the behavioural thresholds (dB 
(standard deviation)). In infants, ASSR thresholds are given in dB SPL. 
 
   Carrier frequencies (kHz) 
Authors Subjects Ears Type of hearing los 0.5 1 2 4 
Luts et al.2004 10 adults 20 Normal hearing 15 (9) 10 (11) 12 (7) 18 (9) 
 10 adults 20 Hearing impaired 23 (12) 15 (10) 12 (10) 14 (8) 
13 adults 13 Flat/shallow sloping 15 (13) 7 (8) 7 (11) 5 (9) Herdman et al. 
2003 18 adults 18 Steeply sloping 13 (13) 8 (10) 12 (10) 1 (10) 
Lins et al. 1996 20 adults 30 Normal hearing 14 (11) 12 (11) 11 (8) 13 (11)
 21 infants 23 Normal hearing 45 (13) 29 (10) 26 (8) 29 (10)
 
Limitations 
Recording ASSRs in a clinical setting introduces some extra difficulties compared 
to a research setting. One of these difficulties is to limit the length of the recording 
sessions, in order to keep the patients cooperative and to reduce financial cost. It 
always takes time to explain the purpose of the recordings to the patients and to 
instruct them how to relax their muscles. Typically, it is feasible to perform the 
actual recordings to estimate hearing thresholds in 30-40 minutes. If the recording 
time is much longer, the patients might become restless or feel uncomfortable and 
infants may wake up. Any increased muscle activity increases EEG noise and 
reduces the sensitivity of the ASSR.    
A second difficulty is that ASSRs recorded under identical conditions show wide 
variability across patients. Chapters 3 and 4 revealed that there was also 
variability in the signal to noise ratios (SNRs) across the locations of EEG 
channels on the head of each subject. Although there are a limited number of 
channels with large SNRs in most subjects, they may vary between individuals. 
Thus, it is advantageous to anticipate to this variability because the aim is to 
estimate individual thresholds rather than group averages.  
 
 
ORIGIN AND OBJECTIVES OF THIS PhD STUDY 
 
Over the past 25-30 years, the click ABR has been the only objective method 
available to estimate hearing thresholds routinely in infants. This technique is still 
doing a good job, because within a clinically acceptable recording time, true 
positive responses can be detected simply and reliably. The main drawback, 
however, is the lack of frequency specificity. Although many efforts have been 
made by many people to develop frequency-specific versions using tone-pips and 
notched noise techniques instead of clicks, these measurements have still not 
received wide  clinical acceptance, mainly because of the long recording time and 
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the lack of sensitivity, especially in the low frequency region (<1000 Hz). 
Furthermore, it is not always possible to perform these measurements with the 
systems commercially available. 
The need for frequency-specific methods to make objective estimates of hearing 
thresholds became more important owing to the introduction of neonatal hearing 
screening programmes in the Netherlands. As a consequence, hearing impaired 
children are referred to audiological centres in the Netherlands much earlier in life 
than before. In 1999, the MASTER system became available for research 
application (John et al., 2000). It was developed at the Rotman Research Centre 
in Toronto in Canada and enabled the measurement of electrophysiological 
responses to continuous amplitude modulated tones: the ASSR. The Australian 
ERA system and the Cuban Audix system also became available, but at that time, 
only to customers outside Europe. The ASSR has a number of advantages over 
the click ABR and tone-pip ABR. First, the ASSR is detected objectively using a 
statistical criterion that compares the response power to the noise power adjacent 
to it within a narrow frequency range, whereas both types of ABR still need to be 
evaluated visually by trained personnel in order to estimate hearing thresholds in a 
reliable manner. Second, when stimulus intensities are below 60 dB SPL and the 
carrier frequencies are at least half an octave apart, ASSRs to at least four stimuli 
per ear (e.g. 0.5, 1, 2, 4 kHz tones) can be detected simultaneously and evaluated 
independently by modulating the amplitude of each tone at distinct frequencies in 
a range of between 35 – 120 Hz (John et al., 1998). As ABRs are evaluated in the 
time domain, not in the frequency domain, multiple simultaneous stimuli would 
give multiple responses mixed together which prevents proper response detection 
and discrimination. Potentially, the ASSR is a frequency-specific tool whose 
responses are easy to interpret and it does not need any more recording time than 
the well-known click ABR.  
In a pilot study at the Nijmegen ORL Department, Mens et al. (2001) indicated that 
a great deal had to be done to make the ASSR suitable for clinical application. The 
sensitivity and specificity needed to be increased and the recording time needed to 
be reduced. Below, a resumé is given of the main efforts made at other centres to 
improve clinical suitability. 
 
Attempts to improve ASSR detection 
First, optimal amplitude modulation frequencies were determined over a wide 
range (20-200 Hz) in adults and in infants (Cohen et al., 1991; Aoyagi et al., 1993; 
Rickards et al., 1994). Two regions were found that gave responses with large 
amplitudes. One was located around 40 Hz and produced large amplitudes in 
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adults who were awake, but these were not found in infants. The second region at 
around 80-110 Hz gave large responses in adults who were asleep and also in 
infants.  
Second, SNRs were compared from a limited number of EEG derivations (Cz-
ipsilateral mastoid, Cz-contralateral mastoid and Cz-Neck) and the ground 
electrode position was also varied (Cebulla et al. 2000). The Cz-ipsilateral mastoid 
derivation was found to give larger SNRs than the other two derivations. None of 
the ground electrode positions could be related to the SNRs.  
Third, stimuli with multiple carrier frequencies were able to reduce the recording 
time compared to single carrier stimuli (John et al., 1998, 2001a). When the stimuli 
were separated by at least half an octave and the intensities were below 60 dB 
SPL, frequency-specific hearing thresholds could be estimated reliably.   
Fourth, weighted averaging was used to enhance the contribution of signals at low 
noise levels and to reduce the signals at larger noise levels (John et al., 2001b). 
Thus, this technique helped to suppress the sections of recording with high noise 
levels that mainly occurred when the subjects were restless or if an infant cried.   
Fifth, stimuli were developed that evoked responses with larger signal to noise 
ratios (SNRs) than the standard stimulus (Lins et al., 1996). The standard stimulus 
is a carrier frequency amplitude modulated at a constant frequency. Also, 
combinations of carrier frequencies were investigated that had been amplitude 
modulated with distinct modulation frequencies. Cohen et al. (1991) found that the  
amplitudes in response to amplitude modulated (AM) tones that had been 
frequency modulated (FM) with the same frequency were higher than those in 
response to tones that had been amplitude modulated only. Mean ratios of the 
amplitudes with FM and without FM were 1.10 – 1.80 (40 Hz AM) or 1.28 – 2.17 
(90 Hz AM) in adults who were awake. Increased amplitudes were also obtained in 
response to stimuli with an exponential envelope (John et al., 2002) and stimuli 
with multiple carrier frequencies that differed an integer multiple of two times the 
modulation frequency (Stürzebecher et al., 2001). Both types of stimuli showed an 
improvement of about 27% in the SNR compared to the standard stimulus.  
Sixth, it was investigated whether the test duration influenced the accuracy of the 
estimated hearing threshold, using stimuli that were amplitude modulated in the 
range of between 80 – 110 Hz (Luts and Wouters, 2004). ASSR thresholds were 
calculated within subjects as a function of the test duration. Thresholds decreased 
by up to 5 dB when the test duration was increased from 4.4 minutes to 8.7 or 13.1 
minutes. In hearing impaired subjects, the decrement was up to 8 dB with the 500 
Hz stimulus.  
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Pilot investigations prior and related to the present study at the Nijmegen ORL 
department  
After searching for new statistical/mathematical methods to increase the SNR 
beyond the existing level, it became clear that the electrode positions and not the 
data analysis were probably the weakest link in the chain of response detection. 
Evidence in support of this came from the observation that electrode placement 
skills were crucial to obtain stable low noise responses during long recording 
sessions of about two hours. The first question that had to be answered was: 
Which electrode positions enhance response detection in adults? This is described 
in Chapter 2.  
After we had found that the choice of electrode position(s) was indeed important to 
improve response detection in adults, preliminary recordings in healthy infants (not 
at risk for hearing loss) showed that the electrode recording positions that gave 
large responses in adults often did not detect a significant response, even at a 
stimulus intensity of 70 dB SPL. After instrumental failures had been excluded, it 
became clear that a systematic search was needed to reveal which electrode 
positions gave the largest SNRs in adults (Chapter 3) and infants (Chapter 4). To 
accomplish this, a multi-channel ASSR system had to be built because existing 
ASSR systems (including the equipment described under methods in Chapter 2) 
used one channel EEG registration.  
Until now, attention has mainly focused on ASSRs in the 90 Hz amplitude 
modulation modality in adults who are awake or asleep and in infants who were 
asleep. Pilot experiments in search of ASSRs with larger SNRs indicated that it 
would be interesting to explore more efficient stimuli, such as those described by 
Stürzebecher et al. (2001) and also the 40 Hz modality. Therefore comparisons 
were made of ASSRs obtained from adults and infants under multiple conditions 
(standard stimulus versus stimulus based on the work of Stürzebecher et al. 
(2001), 40 Hz versus 90 Hz amplitude modulation, awake versus asleep (adults 
only) (Chapter 5).  
In contrast with the well-known click ABR, the tone-pip ABR (Stapells et al., 1997) 
has not yet received wide clinical acceptance. This was mainly due to the low 
signal to noise ratios of the responses and the long recording times needed to 
detect them. As the tone-pip ABR and the ASSR are objective methods to 
estimate hearing thresholds in a frequency-specific manner, it was considered 
worthwhile to compare them further than in the studies by Cone-Wesson et al. 
(2002a) and Van der Werff et al. (2002). These two groups used different 
equipment or recording times in their techniques, which may have given one of 
them an advantage. Therefore we tested tone-pips and the ASSRs with 40 Hz and 
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90 Hz amplitude modulation under identical testing conditions in adults who were 
awake (Chapter 6).   
 
 
OUTLINE OF THE THESIS 
 
This thesis is the result of a search for auditory steady-state responses (ASSRs) 
with high signal to noise ratios (SNRs). Auditory steady-state responses are so 
small compared to the human electro-encephalogram (EEG) that they cannot be 
detected visually in the running EEG. Some form of averaging is needed to reduce 
the background EEG activity and to detect responses that are time-locked (i.e. 
well-correlated in time) to the stimulus. Recordings were obtained from adults with 
normal hearing and from healthy infants aged between 1 day and 5 months, during 
a fixed recording time of 4.4 minutes. All the SNRs were compared after the 
application of an averaging technique.  In Chapter 2, SNRs were compared that 
had been recorded with four EEG derivations in six adults. The equipment 
available at that time could only make one-channel recordings. This study and a 
pilot study on infants showed that it was necessary to develop a multi-channel 
ASSR research system (hardware and software) to systematically explore the 
signal to noise ratios of auditory steady-state responses obtained from adults and 
infants at multiple EEG recording positions. We therefore developed a multi-
channel ASSR research system and used it to perform the subsequent studies. In 
Chapter 3, a search was made for EEG channels with high SNRs in adults. 
Recommendations are made for a limited number of channels with high SNRs in 
adults. A non-parametric analysis was developed based on the top five ranking 
EEG channels that produced the largest SNRs in each subject, in order to deal 
with the large average differences in SNRs between the subjects. Similarly, in 
Chapter 4 a search was made for EEG channels with high SNRs in infants aged 
between 1 day and 5 months. Again, recommendations are made for a limited 
number of channels with high SNRs. Chapter 5 compared SNRs recorded in 
response to stimuli with 40 Hz or 90 Hz amplitude modulation in infants and adults 
while they were asleep and awake (adults only). Also, the SNRs of a new stimulus, 
adapted from the work of Stürzebecher et al. (2001) was compared to the SNRs of 
the standard stimulus (Lins et al., 1996). In Chapter 6, hearing threshold estimates 
of three methods were compared: ASSRs with 40 Hz amplitude modulation, 
ASSRs with 90 Hz amplitude modulation and tone-pip ABR. Chapter 7 presents a 
summary of the experiments followed by our conclusions. 
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ABSTRACT 
 
Amplitude Modulation Following Responses (AMFR) or Steady-State Evoked 
Potentials (SSEPs) can be used for the objective and frequency-specific 
estimation of hearing thresholds in awake and sleeping subjects. To be useful as a 
clinical tool, a high signal to noise ratio (SNR) is required for a minimal testing 
time. Four EEG derivations were compared in six relaxed, cooperative awake 
normal hearing adults to compare the SNRs. Stimuli comprised a 1 kHz carrier 
wave, amplitude modulated at 39 Hz or 90 Hz. They were presented for about 4.4 
minutes in one ear at a level slightly above the behavioural threshold (10 dB SL). 
In the 39 Hz condition, the SNRs from the different derivations did not differ 
significantly. However, in the 90 Hz condition one novel derivation (Cz-Inion with 
ground at Pz) yielded a significantly lower noise level, about 60 per cent of the 
noise level of the other derivations. The SNR of this derivation was about 50 per 
cent larger than from other derivations. Such an increase of the SNR implies that 
testing time is reduced by about 56 per cent as compared to conventional 
derivations in these subjects.  
 
 
INTRODUCTION 
 
Amplitude Modulation Following Responses (AMFRs) are promising to determine 
hearing thresholds in an objective and frequency-specific way. The AMFR is a 
steady-state response evoked by a continuous amplitude-modulated (AM) tone 
resulting in electrical potentials measurable on the head of a subject (Regan, 
1989; Aoyagi et al., 1996; Rance et al., 1999). As no behavioural response is 
required, difficult-to-test adults and especially infants are the targeted population. 
At present, the click evoked Auditory Brainstem Response (ABR) technique is the 
de facto standard for the objective estimation of hearing loss in all cases where an 
invasive technique such as transtympanic electrocochleography is considered 
inappropriate. Because of the broad spectral content of the click stimulus, 
response thresholds correlate best (but only moderately) with the average 
behavioural thresholds in the 1-4 kHz region: steeply sloping losses are easily 
missed. Response detection is limited to subjects with hearing loss up to about 90 
dB (Stapells and Oates, 1997). The AMFR is evoked by a tone with a well-defined 
spectral content, which is the carrier frequency plus and minus the modulation 
frequency (e.g. 910, 1000 and 1090 Hz). Thus, a much more limited part of the 
cochlea is activated than by the transient pulse in standard ABR testing resulting 
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in a frequency and place specific response. Because of this place specificity, 
carriers at all octave frequencies can be presented simultaneously, even in both 
ears and result in discriminable responses, as long as each carrier is modulated 
with a different frequency (John et al., 1998). Being a continuous tone, the energy 
level is about 30 dB higher compared to a typical ABR stimulus and residual 
hearing up to 100 dB nHL has been successfully detected (Rance et al., 1998). 
Finally, straightforward statistical criteria can be used to detect the AMFR in the 
frequency domain, based on response amplitude (John and Picton, 2000; Dobie 
and Wilson, 1989), on the stability of response phase Fridman et al., 1984), or a 
combination of the two (Aoyagi et al., 1993).  Early AMFR studies showed that the 
largest responses were found at modulation frequencies around 40 Hz in awake 
adults, but not in children (Aoyagi et al., 1993). Both adults as well as infants show 
a peak response around 80-100 Hz, even while asleep or sedated (Aoyagi et al., 
1993; Levi et al., 1993). Obviously, the 80-100 Hz has received most attention for 
testing the pediatric population. Accurate predictions of hearing loss have been 
demonstrated in adults (Rance et al., 1995) and also in infants (Aoyagi et al., 
1999) with variously shaped audiograms. Responses with modulation frequencies 
between 60 and 100 Hz are promising in hearing screening in neonates Rickards 
et al., 1994).  
One important factor impeding clinical use of the AMFR technique is the long 
testing time needed to estimate hearing loss sufficiently accurately. Aoyagi et al. 
(1999) reported that testing time was about 2 hours per ear to estimate hearing 
loss at four frequencies. They found a mean difference between behavioural 
threshold and AMFR of 3.8 dB at 1000 Hz, 80 Hz amplitude modulation frequency. 
John et al. (1998) have shown that testing time can be greatly reduced by 
stimulating with multiple frequencies, at least four in each ear and both ears 
simultaneously provided the carrier frequencies are separated by an octave and 
modulated with distinct frequencies between 70-110 Hz. In either case, testing 
time is critically dependent on the response strength compared to the level of the 
physiological and instrumental noise. In this paper signal to noise ratios (SNRs) of 
four different EEG derivations have been compared in relaxed and cooperative 
normal hearing adults. Three of these derivations were adopted from other 
studies. One is a novel EEG derivation with central-occipital electrode positions 
selected to reduce muscle artifacts.  
Both response amplitude and physiological noise levels depend on the arousal 
state of the subject, and it has already been mentioned that response amplitude 
depends on modulation frequency and age. In awake normal hearing adults the 
SNR using 40 Hz amplitude modulation frequency at a moderate presentation 
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level is about 3 times that using 90 Hz (Cohen et al., 1991). However, during sleep 
the SNR at 40 Hz is only half of the SNR at 90 Hz amplitude modulation. Infants 
that are often superficially sedated or not sedated at all may not be asleep during 
the complete session. In this situation it might be useful to use both modulation 
frequencies. Therefore in this study SNRs of the four EEG derivations were 
measured at both modulation frequencies, even though it has been reported that 
in infants the response to 40 Hz modulation frequency is greatly reduced during 
sleep (Aoyagi et al., 1999). 
During threshold determination the stimulus level will necessarily decrease to 
levels that are only slightly above hearing threshold. Therefore the SNRs of the 
four derivations were compared at a low presentation level. Results of a pilot study 
indicated that significant responses could be found at 10 dB SL within 2.2 minutes 
testing time in most subjects using the novel Cz-Inion derivation.  
 
 
METHODS 
 
Subjects 
Six normal hearing adult subjects (3 female) were included in this study. The ages 
ranged from 18 to 45 years. Normal hearing thresholds better than 20 dB HL for 
0.5-4 kHz tones were verified with a standard audiometric procedure. Stimuli were 
presented at an audiometer setting 10 dB above the behavioural thresholds. In a 
pilot study with 10 normal hearing subjects the difference between behavioural 
thresholds and thresholds for modulated tones was –2 dB (3 dB SD) on average 
which is within the error of estimation. Therefore in the following we will refer to the 
presentation level as 10 dB sensation level. 
 
Auditory Stimuli 
Stimuli were presented with insert earphones (EAR TONE 3A). Calibration of 
sound intensity was done with a 2cc-coupler (Brüel en Kjær type 4152) and a 
frequency analyzer (Brüel en Kjær type 2121). Stimuli were 1 kHz tones with both 
100 per cent AM and 20 per cent frequency modulation (FM) presented 
simultaneously in the left ear with a modulation frequency of 89.844 Hz, for 
simplicity abbreviated to “90 Hz”, and 39.062 Hz (“39 Hz”) in the right ear. The FM 
was applied with a phase of -90° at the onset of measurement in order to align the 
maximum frequency of the stimulus with the maximum amplitude (John and 
Picton, 2000). Three EEG derivations were adopted from earlier studies and one 
novel derivation was selected to avoid muscular artifacts (Table 1). EEG 
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derivations 3 and 4 had one recording electrode at the right earlobe or at the right 
mastoid. Responses from these derivations were measured while the right ear was 
stimulated with 90 Hz modulation frequency, and in a second measurement with 
39 Hz modulation frequency. For each of the four derivations both ears were 
stimulated at 10 dB SL. 
 
Table 1.   EEG derivations used in this study. 
 
EEG 
derivation  
Recording electrode 
positions 
Ground electrode 
position 
Author 
1 Cz – inion Pz Novel EEG derivation 
presented in this article 
2 Cz – nape of the neck just 
below hairline 
Left side of neck Lins et al. (1995a, 1996) 
3 Cz – ipsilateral mastoid Contralateral 
mastoid 
Valdez et al. (1997), 
Rance et al. (1999), 
Cohen et al. (1991) 
4 Cz – ipsilateral earlobe Nasion Aoyagi et al. (1996, 
1999, 1996) 
 
Recording procedure 
After the skin was cleaned with ethanol and an abrasive gel (Nuprep, Weaver & 
Co, CO, USA), tin electrodes were attached to the skin with collodion after some 
hair was strapped firmly over the electrode, as well as a piece of hydrophyl gauze 
if there was not enough hair. The electrodes were 3 cm in diameter. Electrodes at 
the earlobe and nasion had 1 cm diameter. Electro-Gel (Electro-Cap, Ohio, USA) 
was injected with a blunt needle between electrodes and skin. All electrode 
impedances were below 2 kOhm for a 100 Hz square wave. EEG-signals were 
measured and analyzed with the MASTER system (John and Picton, (2000). 
The EEG was sampled at 4 kHz for two runs of 8 sweeps (32 epochs of 0.512 sec 
each) amounting to a nominal testing time of 2.2 minutes for each run. The 
frequency resolution was 0.061 Hz. The artifact-reject-levels were + and - 17 µV or 
+ or - 8.5 µV if possible; the amount of rejected EEG was negligible. 
Measurements were made at EEG derivations 1- 4 (Table 1), starting with EEG 
derivation 1 for the first subject, derivation 2 for the second subject etc. 
Recordings were made in a quiet testing chamber. Subjects were lying 
comfortably in a reclined comfortable chair at an angle of about 20° relative to the 
horizontal. The right- and left side of the head were supported with rolled towels. 
Subjects were instructed to close their eyes and to relax the muscles of the jaws 
as much as possible. In advance of testing, the head of the subject was turned 
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until the noise level was minimal by visually monitoring the EEG. All subjects were 
awake during the measurements.  
The responses picked up by the electrodes were amplified with a calibrated Grass 
CP511D amplifier. The EEG-signal was bandpass filtered from 30 – 300 Hz (-6 dB 
points) with a slope of 6 dB/octave. No 50 Hz notch filtering was used. A gain of 
50,000 times was used for all derivations or 100,000 times if possible. An extra on 
board amplification of 5 times was used. The amplitude resolution was 9.8 nV/bit 
at a gain of 50,000 and 4.9 nV/bit at a gain of 100,000.  
 
Statistical Evaluation  
The averaged EEG of two completed runs was subjected to a Fast Fourier 
Transform. The F-test statistic was calculated for the signal amplitude at each 
modulation frequency against the noise levels in the 60 frequency bins below and 
above the modulation frequency. A significance level of 5 per cent was used. An 
overall noise level was calculated by averaging the same 120 frequency bins 
excluding the bin at the modulation frequency. All SNRs were defined as 
amplitude divided by the noise level (nV/nV). All calculations were done with these 
numbers. Final results of SNRs were expressed in dB which is 20*10log (SNR). For 
each subject the four SNRs were ranked. The ranks were evaluated with the (non-
parametric) Wilcoxon test. All data were included irrespective of their significance 
in the F-test. The Wilcoxon test was also applied to response amplitudes and to 
noise levels separately.  
 
 
RESULTS 
 
EEG derivation 1 yielded significant responses in all subjects for the 90 Hz 
modulation frequency. The other EEG derivations showed significant responses in 
four or two subjects (see Table 2). Average SNRs are presented in Figure 1A. A 
significantly larger SNR was found for EEG derivation 1 as compared to EEG 
derivation 3.  
 
Table 2. Number of subjects with significant values of the SNRs at 39 Hz and 90 Hz 
modulation frequency and EEG-derivations 1 – 4. 
 
 EEG derivations 
Modulation frequency 1 2 3 4 
39 Hz 6 5 6 4 
90 Hz 6 2 2 4 
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Figure 1. Mean SNR (+ 1 SD), signal amplitudes and noise levels in four EEG derivations 
(D1 – D4). The 5 per cent significance level for the SNR of an individual measurement is 
5.74 dB. A and B and C, 1 kHz stimulus was amplitude modulated with 90 Hz. D, E and F, 
1 kHz stimulus was amplitude modulated with 39 Hz. The loudness of the stimulus was 10 
dB SL. 
 
The average SNR of EEG derivation 1 was 10.8 dB, and between 6.2 and 7.9 dB 
for derivations 2-4. Derivation 1 produced a significantly lower noise level 
compared to derivation 2. The average noise level of EEG derivation 1 was 64 per 
cent of the average noise level of the three other derivations (range: 60-68 per 
cent; Figure 1C). Individual noise levels were 9.2 nV or less in all subjects, or 7.9 
nV or less in 5 subjects. No significant differences were found between the 
response amplitudes of the four derivations. 
For the 39 Hz modulation frequency, EEG derivations 1 and 3 resulted in 
significant responses in all subjects. The other derivations resulted in significant 
responses in four or five subjects. Average SNRs are presented in Figure 1D. No 
significant differences between SNRs of the EEG derivations were found. The 
average SNR of all EEG derivations was 10.6 dB. EEG derivation 1 had a 
significantly lower noise level (all subjects 12.5 nV or less) than EEG derivation 2 
(Figure 1F). The average noise level of EEG derivation 1 was 74 per cent of the 
noise levels of the three other derivations (range: 69-78 per cent). No significant 
differences between response amplitudes were found between the EEG 
derivations. 
 
DISCUSSION 
 
Our results indicate that, at the 39 Hz modulation frequency, all four EEG 
derivations resulted in similar SNRs. The selection of the optimal derivation from 
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the four included in this study therefore can be based solely on the results for the 
90 Hz modulation frequency. 
The main outcome is that EEG derivation 1 has the largest SNR (10.8 dB) and 
significant responses in all subjects with a 90 Hz modulation frequency. The SNRs 
from EEG derivation 2 and 4 (7.9 and 7.0 dB on average) were not significantly 
different from derivation 1. EEG derivation 2 with Cz active, nape of the neck 
reference and the left side of the neck as ground appeared to have a second best 
average SNR. Similar measurements with identical recording electrode positions 
as derivation 2 but with the ground electrode on the clavicle or on the forehead 
showed about the same average SNRs, signal amplitudes and noise levels and no 
significant differences with derivation 2 were found. The average noise level for 
EEG derivation 1 was about 60 per cent of the noise levels for the other 
derivations. Thus, assuming noise levels to be inversely proportional to the square 
root of the number of averaged sweeps, which is proportional to test time (Lins et 
al., 1995a), for derivation 1 the time needed to obtain a particular noise level would 
be reduced by about 64 per cent compared to of the time needed for the other 
EEG derivations. 
Since no significant differences between the response amplitudes of each EEG 
derivation were found, the noise level was the main factor determining differences 
in SNR for the 90 Hz condition. A likely explanation of the relatively low noise level 
is the reduced muscle activity within the Cz-Inion region as compared to other 
regions on the head. All measurements were done with awake subjects and it is 
reasonable to expect that all measured noise levels will decrease during sleep. 
The advantage of the Cz-Inion derivation over the other ones may therefore be 
less pronounced in sleeping subjects, and even more pronounced in restless 
subjects.  
Because the noise level is apparently so important in the SNR, it is interesting to 
compare the presently obtained noise levels with those reported in other studies 
using exactly the same EEG derivations in order to estimate systematic 
differences that were not due to electrode positions. Two studies were found that 
reported both EEG derivation, subject state, test time as well as frequency 
resolution and filter settings. In the present study a 30 Hz high-pass and a 300 Hz 
low-pass filter with 6 dB/octave slopes were used. According to the supplier of the 
amplifier, these filter settings reduced the amplitude at 90 Hz to 79 per cent of the 
unfiltered value. Application of only the 300 Hz low-pass filter would reduce the 
amplitude to 90 per cent. Other studies have used high-pass filtering at 10 Hz or 
less and low-pass filtering at 10 kHz; these settings should have no effect on the 
amplitude of the EEG signal. To normalize for differences in frequency resolutions, 
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an inverse relation between resolution and noise level was assumed (Lins et al., 
1995a). Cohen et al. (1991) reported a noise level of 24 nV after collecting 12.05 
minutes of EEG at a frequency resolution of 0.089 Hz. A modulation frequency of 
91 Hz (1 kHz carrier) and an EEG derivation identical to the present derivation 3 
was used. EEG signals were bandpass filtered between 0.2 Hz and 10.0 kHz, no 
slope was given but at least 6 dB/octave was assumed as having the largest 
impact of filtering on signal amplitudes and noise levels. The subjects either read 
or slept. Normalized to our 0.061 Hz frequency resolution and a test time of 4.4 
minutes, a noise level of 27.1 nV results, compared to the 10.3 nV (38 per cent) for 
the same EEG derivation (3) in the present study. John et al. (1998) reported a 
noise level of 11 nV after collecting 9.65-12.9 minutes of EEG at a frequency 
resolution of 0.0829 Hz. A modulation frequency of 88.9 Hz (1 kHz carrier) and 
EEG derivation 2 was used. EEG signals were bandpass filtered between 10 – 
300 Hz with a 6 dB/octave slope. Most subjects were able to sleep. The 
normalized noise level was 12.0 to 13.9 nV, similar to the 11.5 nV in the present 
study for EEG derivation 2.  
Thus, in our study a noise level was found that was smaller than a level reported in 
one of the two studies mentioned above for comparable EEG derivations. 
Apparently, other factors apart from the electrode positions play a role. Besides 
unknown differences between the physiological state of the subjects, the filtering 
may be relevant. In the first study a much higher noise level was found than in our 
study. Although the slope of these filters were not published, the amplitudes 
around 90 Hz would decrease less with a filter having a steeper slope than the 
assumed 6 dB/octave. Clearly, the difference between the noise levels found in 
these studies and the ones found in our study can not be explained by a difference 
of filter settings. Furthermore, the type and method of application of the electrodes 
may be relevant. First, most of the electrodes in the present study were large as 
compared to the reference and ground electrodes of EEG derivation 4. However, 
no significant differences were found with the Wilcoxon test between the SNRs of 
EEG derivation 4 and the ones of the other EEG derivations. So it seems unlikely 
that the size of the electrodes has a significant impact on the SNR. A practical 
advantage of large electrodes over the electrodes used in EEG derivation 4 was a 
shorter time needed to attach the electrodes to the skin with impedances less than 
2 kOhm. Second, the way of cleaning the skin and the type of electrode paste or 
gel between the electrodes and the skin was not mentioned by the other authors. 
This could be an explanation for a reduced noise level, because a gel will adapt to 
a slightly changing distance between the electrode and the skin and thus may lead 
to a more stable contact. Third, in our study the right and left side of the head were 
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supported with rolled towels. This could prevent a part of the muscle activity in the 
neck and thereby reduce the noise level. In the other two studies it was not clear in 
which way the head was supported. Note that difference in arousal state is not an 
explanation for the reduced noise levels in the present study. In the other two 
studies subjects were encouraged to sleep as opposed to our subjects who were 
awake, increasing rather than decreasing the noise level.  
In the present study, 1 kHz stimuli were used to compare SNRs of four EEG 
derivations. We found that the noise level was the main factor determining 
differences in SNR. The average noise level for the Cz-Inion derivation at 90 Hz 
modulation frequency was about 60 per cent of the noise levels for other 
derivations that were adopted from the literature. The SNR was about 3 nV/nV 
(Figure 1). The SNR of the other derivations was about 2 nV/nV. Consequently the 
SNR of the Cz-Inion derivation was 50 per cent larger than the ones of the other 
derivations. Such an increase of the SNR would imply that testing time is reduced 
by about 56 per cent as compared to conventional derivations. We expect similar 
results for other carrier frequencies. This needs to be verified in future 
experiments.  
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ABSTRACT 
 
The Auditory Steady-state Response was recorded in 20 awake adults with normal 
hearing on ten EEG channels simultaneously to find derivations with the best 
signal to noise ratios (SNRs). Stimuli were 20% frequency modulated tones of 0.5 
and 2 kHz at 20 dB SL, 100% amplitude modulated at 90 or 94 Hz and presented 
one at a time to one ear.  
ASSR recordings using a set of at least 3 channels improved SNRs significantly by 
an average of between 6% (500 Hz right ear) to 118% (2 kHz right ear) above the 
SNRs from the conventional channels. Assuming that the recording time was 
proportional to 1/(SNR)2, this translates into a recording time of 89% (500 Hz right 
ear) to 21% (2 kHz right ear) of that for conventional single-channel recording. 
The 3 channels comprised the electrode positions inion, right mastoid and left 
mastoid. All three electrode positions were referenced to Cz. Adding a fourth 
channel (Pz-Cz) increases the number of participants with significant responses 
from the 500 Hz right ear stimulus from 13 to 17. Electrode position F4 and other 
commonly used positions such as the forehead, and right earlobe made 
significantly less contribution to test efficiency. 
 
Abbreviations  
ABR = Auditory Brainstem Response; AM = Amplitude Modulation; ASSR = 
Auditory Steady-state Response; FM = Frequency Modulation; rs = Spearman 
rank-order correlation coefficient; SL = Sensation Level; SNR = Signal to Noise 
Ratio.  
 
 
INTRODUCTION 
 
The auditory steady-state response (ASSR) is a promising tool to determine 
hearing thresholds in an objective and frequency-specific manner. It is an 
electrophysiological response evoked by an amplitude-modulated continuous 
carrier frequency. 
Several authors have suggested that hearing thresholds can be assessed fairly 
accurately with ASSR measurements (Rance et al., 1995; Lins et al., 1996; Perez-
Abalo et al., 2001). Across participants, difference levels between ASSR and 
behavioural thresholds were found to be about 11-20 dB in the frequency range 1-
4 kHz and about 11-25 dB at 500 Hz.  
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An important factor in the clinical feasibility of the ASSR measurement is the 
recording time needed to detect responses at stimulus levels close to the hearing 
threshold. At present, the long recording time of ASSR impedes its clinical use. 
Aoyagi et al (1999) reported a testing time of about 2 h per ear to assess hearing 
thresholds at four frequencies. John et al. (1998) showed that the testing time 
could be reduced by using multiple amplitude modulated (AM) tones as 
stimulation, e.g. four frequencies in each ear and in both ears simultaneously. 
However, even with this technique, Mens et al. (2001) required a recording time of 
2 hours to test four frequencies per ear in cooperative, awake adult participants 
with their eyes closed. Rance et al (1995) were able to test five frequencies per 
ear in both ears in sleeping adults in a much shorter testing time of 30-60 minutes. 
Although their ASSR thresholds estimated the behavioural thresholds well for a 
moderate to severe hearing loss, for normal hearing to a mild loss behavioural 
thresholds were difficult to estimate especially at carrier frequencies below 1 kHz.  
Early ASSR studies showed the largest responses at AM frequencies of around 40 
Hz in awake adults, but this did not apply to young children (Aoyagi et al., 1993). 
Adults and infants showed another response amplitude maximum at AM 
frequencies of around 80-100 Hz. In this range of modulation frequencies, the 
noise level could be reduced considerably if the participant was asleep or sedated, 
without reducing the response amplitude. Contrastingly, the 40 Hz response was 
much more affected by participant state (Cohen et al., 1991). Muscle activity is 
reduced during sleep or sedation thus these states offer important means to 
optimize signal to noise ratios (SNRs). However, disadvantages of sedation are 
the toxic load, the risk of side-effects and the requirement of qualified personnel to 
administer the medication and monitor the participant. Therefore, there is an 
urgent need to improve the SNR in awake participants.  
Thus far no studies have been reported that describe a systematic search of 
recording electrode positions with large SNRs. The present study attempted to find 
these electrode positions.  
Cebulla et al. (2000) compared SNRs obtained from non-simultaneous recordings 
on six EEG channels at a stimulus level of 60 dB nHL in adult participants with 
normal hearing. Recordings of responses at the ipsilateral mastoid, the 
contralateral mastoid and at the neck were compared. All responses were 
measured with Cz as reference electrode. The ground electrode was on the 
forehead, the ipsilateral mastoid or the contralateral mastoid. The Cz - ipsilateral 
mastoid derivation with ground on the forehead produced a higher SNR than the 
other derivations, which was significant in all cases except for the Cz-neck 
derivation (again with the forehead as ground).  
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In a previous study, we compared SNRs obtained with an AM in the 90 Hz range 
in awake adult participants, using four EEG channels (Van der Reijden et al., 
2001). Three of them (nape of the neck, ipsilateral mastoid and ipsilateral earlobe, 
all three referenced to Cz) are commonly used for ASSR recording, while the 
fourth, Cz-inion, was a novel one. The latter also showed the best SNR.  
Recordings were collected successively on different EEG channels due to 
limitations of the equipment.  
Both studies compared a small number of EEG derivations that were recorded 
non-simultaneously. This introduced extra within-participant variability between the 
SNRs of the recordings. To overcome these limitations multi-channel recordings 
with a larger number of electrodes must be made. An electrode montage with a 
common reference electrode (see below) then provides the possibility not only to 
establish SNRs of the measured channels, but also SNRs of calculated channels 
comprising all possible pairs of electrode positions on the participant’s head.   
The aim of the present study was to record simultaneous responses in the 90 Hz 
AM frequency range while using a large number of EEG channels to establish 
which derivations produced the best SNRs in awake adults with normal hearing.  
The EEG was measured using a 10-channel recording with Cz as the common 
reference electrode.1 Electrode positions were included that have previously been 
used by other authors (Rees et al., 1986; Cohen et al., 1991; Levi et al., 1993; 
Rickards et al., 1994; Lins et al., 1995a; Aoyagi et al., 1996; Lins et al., 1996; 
Valdez et al., 1997; Aoyagi et al., 1999; Rance et al., 1999; Cebulla et al., 2000; 
John and Picton, 2000; Herdman and Stapells, 2001). Electrode position Pz was 
added, because a pilot experiment indicated that Pz produced larger response 
amplitudes than many of the other electrode positions.  
By using a common reference electrode, 45 bipolar EEG derivations that did not 
involve Cz could be calculated from the 10 (monopolar) recordings referenced to 
Cz. This was done by subtracting point by point the complete EEGs of two 
recordings, thus cancelling out the contribution of Cz in each result. In this way 45 
calculated EEG derivations were available plus the ten directly measured 
recordings.  
To limit the duration of test sessions, only two stimulus carrier frequencies (500 
and 2000 Hz) were chosen. It has been reported that the mid-frequencies (1000-
2000 Hz) produce larger SNRs than the other audiometric frequencies, especially 
compared to 500 Hz (John et al., 2001). Therefore, it was even more important for 
this 500 Hz carrier frequency to increase the SNR near threshold level. Another 
reason why the 500 Hz and the 2000 Hz carrier frequencies were included was 
                                                 
1 Here the term “reference” is used to indicate that all potentials were recorded relative to Cz. 
CHAPTER 3 
40 
that these are certainly two important frequencies upon which to base hearing aid 
fitting. 
 
 
METHOD 
 
Participants 
Twenty cooperative adult participants with normal hearing (ten women and ten 
men) were included in this study. All gave informed consent. Age ranged from 22 
to 56 years. Hearing thresholds were better than 20 dB HL from 0.5 to 4 kHz, as 
verified with standard audiometric procedures. Hearing thresholds were also 
determined for the ASSR stimuli.  
This research received ethical approval from the Local Research Ethical 
Committee CWOM (submission number 9911-0216). 
 
Auditory stimuli 
Supra-aural headphones (Beyerdynamic DT48) were used to present the stimuli at 
a sensation level (SL) of 20 dB, that is, relative to their behavioural thresholds for 
the same stimuli. Tones of 0.5 and 2 kHz were presented, with 100 % AM and 20 
% frequency modulation (FM) as described by John and Picton (2000). In the left 
ear, the modulation frequency was 89.844 Hz (for simplicity abbreviated to “90 
Hz”), while in the right ear it was 93.75 Hz (“94 Hz”). At each measurement only 
one modulated tone was presented to either the left or the right ear. The FM was 
applied with a phase of -90° at the onset of the stimulus, in order to align the 
maximum frequency of the stimulus with the maximum amplitude (John and 
Picton, 2000).  
 
Recording procedure 
After cleaning the skin with an abrasive gel, disposable electrode discs of Ag/AgCl  
were fixed at eleven positions on the head and one ground electrode on the right 
wrist (Table 1, Figure 1). EEG paste was used as a conductor but it also acted as 
glue to fix the electrodes to the scalp, even in the presence of hair. Ten channel 
recordings were taken with Cz as the common reference. EEG signals were 
measured with software that was functionally similar to the MASTER software 
(John and Picton, 2000), but adapted to enable recording of ten channels 
simultaneously. The EEG was sampled at 4 kHz during a run of 4.4 minutes (256 
epochs of 1.024 seconds each) and stored on a hard disk for off-line analysis. The 
artifact rejection levels for each epoch were + / –20 microvolts.  
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Table 1. Recording electrode positions used in this study 
Electrode number Recording electrode positions 
1 Inion 
2 Pz 
3 Nape of the neck just below the hairline 
4 Fpz (Forehead) 
5 Right mastoid 
6 Left mastoid 
7 F4 
8 F3 
9 Right earlobe 
10 Left earlobe 
11 Cz  
 
 
 
 
Figure 1. Recording electrode positions used in this study. 
 
The order of the test frequencies (0.5 or 2 kHz) and the ear of stimulation were 
permuted over the participants. Recordings were taken in a quiet room (noise level 
of less than 23 dB SPL per octave at 400 Hz and higher) with dimmed lights. 
Participants lay supine on a bed and were encouraged to relax the muscles of the 
jaws as much as possible, but instructed to keep their eyes open and stay awake 
during the recordings.  
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The electrode responses were amplified with a multi-channel Nihon Kohden 
amplifier model MME-3132A/G/K. Signals were band-pass filtered from 20 to 200 
Hz at -12 dB/octave. We did not use a 50 Hz notch filter. A gain of 100,000 was 
used for all channels. 
 
 
RESULTS 
 
Point by point differences between the complete EEG signals of all possible 
combinations of two channels were taken to compute 45 ([10 x 9]/2) bipolar 
derivations from the 10 EEG channels measured with common reference Cz. All 
55 derivations (i.e. both measured and calculated) were time-averaged at intervals 
of 16 epochs and Fast Fourier Transformed. The frequency resolution was 0.061 
Hz. F values were calculated by setting-out the signal power of the response given 
to a modulation frequency against the average power of 60 frequency bins 
(considered to be noise) 3.7 Hz on either side of the modulation frequency. In a 
one sided F-test with 2 and 240 (= 2 x (60+60)) degrees of freedom, a significance 
level (p value) of 2.5 per cent (F=3.75, SNR=1.94) was used to identify response 
amplitudes that were significantly above the noise level (Dobie and Wilson, 1996). 
SNRs were defined as the square root of the F value (Dobie and Wilson, 1996).  
In all 20 participants, a significant response was found to the 2 kHz carrier 
frequency. At 500 Hz, significant responses were found in 18 participants (left ear) 
and 19 participants (right ear). 
SNRs across all 55 derivations from single measurements did not have a normal 
distribution within participants (mainly due to outliers) and so did the SNRs of 
identical derivations between participants. Multivariate analysis or another type of 
parametric analysis would require data with a normal distribution from which 
outliers (in many cases high SNRs) have been removed. Therefore a non-
parametric analysis was used so that equal weights could be given to derivations 
from each participant regardless of his/her average SNR. 
A list was made for each participant of the five derivations with the highest SNR 
(or less than five if too few were significantly above noise level, or more than five if 
two derivations had equal SNRs), to create a so-called top-five list per participant. 
We counted the number of times a particular derivation appeared on a top-five list. 
Since 20 individuals participated, each derivation could appear a maximum of 20 
times per combination of frequencies (two) and ears (two). These counts were 
summarized into four histograms (Figure 2).  
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Figure 2. The number of participants who showed a significant response to four combinations of 
stimulus frequencies (2) and ears was set out against all 55 EEG derivations. The EEG derivations 
comprise sets of two electrode positions. The electrode numbers in this figure refer to the recording 
electrode positions as defined in Table 1. Per participant and per stimulus condition five EEG 
derivations were identified with the largest SNRs. The number of times a derivation appeared was 
counted in all participants. The drawn lines indicate 95 per cent confidence limits. These lines were 
calculated by Monte Carlo simulations. Derivations that appeared above this level had less than 5 
per cent probability of originating from chance. The dotted line indicates the average chance level. 
N=86, 82 or 97 is the result of participants having less than five significant EEG derivations. N=101 
was found because a participant had two derivations with identical significant F values. 
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They were then subjected to further analysis to identify any high-ranking 
derivations that were dominant in this participant group and would therefore suffice 
to record the ASSR efficiently.  
I) We identified derivations that occurred more frequently across participants than 
could be expected by chance. The average chance level on which a derivation 
could appear was calculated as 1.82 (the maximum total number of occurrences, 
100, divided by 55), indicated by the dashed lines in Figure 2. Monte Carlo 
simulation (Press et al, 1994; Rice, 1995) was performed to find the upper limit of 
the 95 per cent confidence interval around the average chance value. Drawn lines 
in Figure 2 indicate the upper limit. Derivations that occurred less frequently than 
the upper limit were deleted from the original histograms. The remaining 
derivations therefore occurred significantly more frequently than could be expected 
by chance in this participant group. Inspection showed that none of them appeared 
to all (or most) participants in the top-five list (Figure 2). 
To further reduce the set of derivations, we assessed the distribution of SNRs 
across participants in two stages. II a) The (nonparametric) Wilcoxon two-tailed 
matched pairs test was applied to eliminate any derivations that produced 
significantly lower SNRs across participants than the others. No derivations could 
be eliminated at 500 Hz in either ear. However, at 2 kHz in the right ear, the right 
mastoid-Cz derivation produced a significantly better SNR (p≤0.05) than the right 
mastoid-F4, right mastoid-Pz and the right mastoid-forehead. So these three were 
deleted from the final list. At 2 kHz in the left ear, the inion-Cz derivation produced 
a significantly better SNR than all the other derivations (p<0.05), so the final list 
comprised only the inion-Cz derivation. II b) As the inion-Cz derivation appeared in 
the set of selected derivations for all combinations of ears and tones after the 
Wilcoxon test, redundant EEG derivations were identified by calculating Spearman 
rank-order correlation coefficients (rs) between the SNRs obtained from Inion-Cz 
and the SNRs of all remaining EEG derivations. Redundant EEG derivations were 
identified at three cut-off values: (rs<0.447 (p=0.05 in 20 participants), rs<0.70 
(p<0.001) and rs<0.90 (p<0.0001). Derivations with Spearman correlation 
coefficients exceeding the cut-off value (0.447, 0.70 or 0.90) were excluded from 
the list. The final sets of EEG derivations are summarized at each frequency and 
in each ear in Table 2. After application of the correlation criterion rs<0.447, that 
eliminated the most derivations of the three criteria, four electrodes sufficed to 
obtain the remaining derivations: Inion, Cz, Left- and Right mastoid. Recordings 
from other electrodes produced significantly lower SNRs or were highly correlated 
(rs≥0.447) with the remaining derivations. Note that the 0.447 criterion resulted in 
less participants for the 500 Hz right ear condition (13 instead of 17), for which 
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significant SNRs were found compared to the 0.90 criterion. This could be largely 
avoided by including Pz-Cz. 
 
Table 2. Preferred set of derivations that produced significant responses in many 
participants. For three cut-off values of Spearman correlation coefficients (rs), uncorrelated 
derivations, the number of participants (Ns) whose derivations had significant SNRs and 
the number of electrodes (Ne) involved are displayed. For N=20 and p=0.05 rs< 0.447 
Frequency Ear Preferred EEG derivations NS Ne
rs< 0.447    
2 kHz left Inion-Cz     17 2 
2 kHz right Inion-Cz Right mastoid-Cz    20 3 
500 Hz left Inion-Cz Left mastoid-Cz    14 3 
500 Hz right Inion-Cz     13 2 
        
rs< 0.70        
2 kHz left Inion-Cz     17 2 
2 kHz right Inion-Cz Right mastoid-Cz Pz-Cz   20 4 
500 Hz left Inion-Cz Left mastoid-Cz Neck-Cz   14 4 
500 Hz right Inion-Cz Inion-Pz Pz-Cz   16 4 
        
rs< 0.90        
2 kHz left Inion-Cz     17 2 
2 kHz right Inion-Cz Right mastoid-Cz Pz-Cz Inion-F3 Right mastoid-F3 20 5 
500 Hz left Inion-Cz Left mastoid-Cz Neck-Cz Inion-Pz Left earlobe-Cz 15 6 
500 Hz right Inion-Cz Right mastoid-Cz Pz-Cz Inion-Pz  17 4 
 
The improvement in SNRs in two of the three sets of derivations (Table 2, rs<0.447 
and rs<0.90) was quantified against the SNR of each conventional recording. For 
all participants, frequencies and ears, ratios were calculated between the highest 
SNR produced by any of the derivations on the list and that produced by any of the 
conventional EEG derivations. Average ratios and their standard errors for all 
these conditions are presented in Table 3. All SNRs improved significantly except 
for rs<0.47 in the 500 Hz right ear condition. This is another reason to include Pz-
Cz to record responses from this stimulus. If a conventional derivation produced a 
non-significant SNR, instead a fixed value (SNR 1.91, p=0.03; F=3.64), close to 
the significance level (p=0.025), was substituted in the calculations in order to 
avoid biasing the comparison in favour of the non-conventional derivations. SNRs 
from selected derivations ranged from 6 to 118% above the SNRs obtained from 
the conventional ones (Table 3). Assuming that the recording time was 
proportional to 1/(SNR)2, this translates into a recording time that was 89% to 21% 
of the time that would be needed for conventional single-channel recording. In 
other words, Table 3 shows that clinical application of ASSR might largely benefit 
from using the selected derivations from Table 2 (rs<0.447 and rs<0.90) instead of 
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the conventional ones because they might reduce recording time between 11% 
and 79%. We also quantified the proportion of the participants that showed a 
larger SNR in the non-conventional derivations compared to the set of 
conventional ones. With the 2 kHz stimuli and rs<0.447 between the non-
conventional EEG derivations, 50% to 100% of the participants had a larger SNR 
compared to the range of SNRs of the six conventional recordings in Table 3. With 
the 500 Hz stimuli, this range was between 30% and 65% of the participants. 
 
Table 3. Improvements of SNRs by the preferred derivations from Table 2. Ratios 
between SNRs from the preferred set of derivations and SNRs from the conventional 
derivations. 
 
Frequency Ear Conventional EEG derivations 
rs<0.45 Neck-Cz Fpz-Cz Right mastoid-Cz Left mastoid-Cz Right earlobe-Cz Left earlobe-Cz 
2 kHz left       
Average ratio1 1.30 1.97 1.47 1.40 1.61 1.44 
Std Error 0.10 0.18 0.15 0.13 0.13 0.13 
       
2 kHz right       
Average ratio 1.41 2.18 1.32 1.63 1.40 1.78 
Std Error 0.05 0.20 0.10 0.13 0.07 0.15 
       
500 Hz left       
Average ratio 1.25 1.72 1.46 1.29 1.53 1.20 
Std Error 0.09 0.20 0.14 0.13 0.13 0.07 
       
500 Hz right       
Average ratio 1.16n 1.54 1.06n 1.35 1.12n 1.23n 
Std Error 0.06 0.17 0.06 0.12 0.06 0.10 
rs<0.90       
2 kHz left       
Average ratio 1.30 1.97 1.47 1.40 1.61 1.44 
Std Error 0.10 0.18 0.15 0.13 0.13 0.13 
       
2 kHz right       
Average ratio 1.56 2.36 1.46 1.79 1.55 1.95 
Std Error 0.08 0.19 0.11 0.14 0.08 0.16 
       
500 Hz left       
Average ratio 1.29 1.76 1.51 1.33 1.58 1.24 
Std Error 0.09 0.20 0.14 0.14 0.13 0.07 
       
500 Hz right       
Average ratio 1.37 1.81 1.24 1.59 1.31 1.43 
Std Error 0.08 0.20 0.06 0.15 0.06 0.11 
 
Note: Ratios (averaged across participants) between the maximum SNR produced by any of the 
derivations in the preferred set (with rs<0.90 and rs<0.45) shown in Table 2, SNRmax, and the SNR 
produced by the conventional EEG recordings (Neck, Fpz, Right mastoid, Left mastoid, Right 
earlobe, Left earlobe relative to Cz), SNRStandard. All SNRs improved significantly except those 
denoted by n for rs<0.45 in the 500 Hz right ear condition.  1The ratio was calculated as: SNRMax/ 
SNRStandard 
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DISCUSSION 
 
In most ASSR studies, the EEG was recorded on only one channel. The location 
of the active electrode varied widely between studies. Although most researchers 
used an electrode at Cz as a reference, differences in study design make it difficult 
to compare the efficiency of the active electrode positions. In the present study, a 
larger number of electrode positions were tested including most of the positions 
used by other authors to establish whether alternative positions, or an increased 
number of positions, could improve the SNR in individual participants. Within-
participant variability was minimized by recording all the channels simultaneously.  
The results indicated that a small set of 3 derivations (Cz-inion combined with the 
right mastoid-Cz and left mastoid-Cz) yielded the best SNRs in a larger number of 
participants than would be expected if all derivations were equally efficient. 
Compared to any of the conventional single channel derivations, this set of 
derivations led to improvement in the SNR in 30% to 65% of the participants at 
500 Hz and in 50% to 100% at 2 kHz. Although detecting responses from a 500 
Hz stimulus in the right ear could be improved further by adding Pz-Cz to the set of 
three derivations, improvements were smaller for the 500 Hz stimulus than for the 
2 kHz stimulus mainly because more participants had non-significant F values at 
500 Hz than at 2 kHz. In other words, even with an optimized set of multiple 
electrode positions, recording the ASSR at 500 Hz will be more difficult than at 2 
kHz and therefore will require a longer time to reach threshold in clinical testing.  
Thus, a four-channel set-up (inion, right mastoid, left mastoid and Pz) with Cz as a 
common reference would suffice to record the EEG. If circumstances prohibit 
recording on four channels, it seems advisable to use the Inion and Cz, because 
these positions were found to be important for all conditions, and if possible, to 
add the left and right mastoid positions. 
In the first step of our analysis, derivations that produced a significant response 
were identified in each recording using the F test and a p value of 2.5 %. 
Therefore, in the worst case, i.e. no response present, on average only 1.4 out of 
55 derivations would have produced a false positive result and entered our top five 
by chance.  This small number of false positives would then have been removed 
by the Monte Carlo procedure, because only those derivations were selected that 
occurred in a larger number (>4) than the upper limit of the 95 per cent confidence 
interval across participants. In addition, most F values were much larger than the 
critical significance (F=3.75, p=0.025) level, which reduced even further the 
number of false positives in the final analysis. A more serious issue in clinical 
testing, if multiple channels are used, is that the number of false positives will 
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increase if the statistical criterion is not raised. If three channels are used, we 
suggest employing a 1 % criterion (F=4.69, SNR=2.17) per derivation, to keep the 
overall false positive rate well below 5 %. 
Note that the analysis is valid even if the EEG activity between each of the 55 
derivations is not independent. For example, in the extreme case of complete 
correlation, all the derivations would appear on average equally often on the top 
five lists, and the Monte Carlo method would not identify any dominant derivations 
in this group of participants, which clearly was not the case.  
Näätänen and Picton (1987) have already reported the importance of Cz reference 
position for recording responses evoked by auditory stimuli in adults. In the 
present study, several combinations that included Cz played important and 
complementary roles in detecting large F values: inion-Cz was found in the final 
set at all frequencies and in ears. This confirms our findings in an earlier study in 
which non-simultaneous recordings were made from several positions (Van der 
Reijden et al., 2001).  
Only one other study compared different EEG derivations (six) recorded 
consecutively (Cebulla et al., 2000). Although there were some differences in 
study design (1 kHz carrier, participants were asleep most of the time, the inion-Cz 
derivation was not included), the authors reported the highest SNR on the 
ipsilateral mastoid as opposed to the contralateral side (with a ground electrode on 
the forehead), which is in agreement with the present results.  
The preferred sets of EEG derivations in Table 2 suggest that the source of 90 and 
94 Hz activity is located below the parietal-occipital area, close to the brainstem. 
As has been reviewed by Picton et al. (2003), this is also suggested by other 
authors based on short apparent latencies that they found in the 80-100 Hz 
modulation frequency range as compared to the longer apparent latencies at the 
40 Hz modulation frequency.  
Large differences in F values (ranging from 3.75 to 121) were found between 
participants using the same EEG derivations. These differences may reflect 
individual differences in amplitude, source location or orientation of the neural 
dipole generators. Pantev et al. (1996) performed a MEG study on the tonotopic 
organization of the sources of human auditory steady-state responses in eight 
women and nine men. Their stimuli comprised 500 Hz and 2 kHz carrier 
frequencies, which were amplitude modulated at 40 Hz. Their dipole source 
analysis, based on a single moving equivalent current dipole model, estimated a 
between-participant variability of about 1 cm around the mean dipole location. This 
may have an effect on the magnetic field around the head. At least one other 
factor needs to be considered, namely the dimensions of the skull and scalp. 
SIGNAL TO NOISE RATIOS OF ASSR IN ADULTS 
49 
Cuffin (1993) modelled the effects of local variations in skull and scalp thickness 
on the localization accuracy of a putative source using EEG and MEG. The model 
indicated that EEG and MEG recordings could be greatly influenced not only by 
different locations (1 or 2 cm depth) of a dipole but also by variations (+/-0.4cm) in 
skull and scalp thickness. EEG potentials varied by about 20 % due to realistic 
variations in skull and scalp thickness, and by about 20 % due to a 1 cm shift in 
the dipole location. Calculations on MEGs showed similar behaviour. Therefore, 
variations in skull and scalp thickness can have definite impact on intra and inter-
individual variability in auditory evoked potentials. Multi-channel recordings from 
optimized electrode positions instead of a single-channel approach may help to 
deal with this variability.  
In summary, recording ASSR from the EEG channels with high SNRs may help to 
reduce recording time in the clinic and to achieve more accurate frequency 
specific hearing threshold estimates in adults. As noted earlier, skull and scalp 
thickness may play an important role in detection of evoked potentials. Therefore 
the EEG channels with high SNRs in adults may not be the same as those in 
infants, since their skull is still developing. Further study is needed to optimize the 
recording of ASSR in infants.  
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ABSTRACT 
 
Objective: To identify EEG derivations that yield high signal to noise ratios of the 
Auditory Steady-State Response (ASSR) in infants aged 0 to 5 months. 
Design: The ASSR was recorded simultaneously from ten EEG derivations in a 
monopolar montage in 20 sleeping infants. Stimuli were tones of 0.5 or 2 kHz that 
were 100% amplitude modulated and 20% frequency modulated, presented at 65 
dB SPL for 4.4 minutes in either the right or the left ear. An amplitude modulation 
frequency of 90 Hz (left ear) or 94 Hz (right ear) was used. From the 10 measured 
monopolar derivations all 45 bipolar derivations were calculated mounting up to 55 
EEG derivations. EEG derivations were selected in the preferred set if they had 
the largest SNRs within subjects and if they were obtained significantly more 
frequently across subjects than was expected by chance (Monte Carlo simulation 
and Wilcoxon signed ranks test).  
Results: The preferred derivations are both mastoids ipsilateral to the stimulated 
ear with Cz as common reference. These derivations improved SNRs compared to 
each of several conventional EEG derivations (excluding the preferred derivations) 
between 16-69% (500 Hz, left ear), 9-132% (500 Hz, right ear), 31-193% (2 kHz, 
left ear) and 3-105% (2kHz, right ear). In contrast to results reported earlier for 
adults, high SNRs were not found at the inion-Cz derivation in these infants. 
Conclusions: High SNRs were obtained in infants aged younger than six months if 
the ASSR was recorded from the mastoids ipsilateral to the ear of stimulation 
referenced to Cz.  
 
 
INTRODUCTION 
 
For several decades, the click ABR has been a valuable tool to establish hearing 
thresholds in infants. Although responses to the click ABR show a high correlation 
with the pure tone audiogram from 2 through 4 kHz, this is only the case if the 
cochlea is normal or in case of a flat hearing loss (Gorga et al., 1985; Van der Drift 
et al., 1987; Conijn et al., 1992). Therefore, it is a major challenge to audiologists 
to make frequency-specific assessments of hearing sensitivity in young children. 
The Auditory Steady-State Response (ASSR) is an objective and non-invasive 
method that may help to reach this goal. The ASSR is an electrophysiological 
response evoked by the modulation of a carrier frequency. The response can be 
measured non-invasively from surface electrodes followed by signal averaging and 
processing. It appears as a distinct peak in the frequency spectrum if a constant 
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modulation frequency is applied. Amplitude modulated (AM) tones of any 
frequency within the audible range can serve as stimuli.  
In early ASSR studies that explored modulation frequencies of up to 200 Hz, the 
largest responses were found at modulation frequencies of around 40 Hz in awake 
adults and at around 80 Hz in young children (Cohen et al., 1991; Aoyagi et al., 
1993; Rickards et al., 1994; Dobie and Wilson, 1998). Adults showed a second 
response amplitude maximum, although smaller in amplitude, at modulation 
frequencies of around 80-100 Hz (Cohen et al., 1991; Aoyagi et al., 1994). It has 
also been shown that sleep or sedation often reduces the noise level considerably, 
but unfortunately it also reduces the response amplitude at 40 Hz AM. Dobie and 
Wilson (1998) found in adults that sleep or sedation often reduces the response 
amplitude at 40 Hz AM, but also the EEG background noise was reduced. As a 
result, the detectability of the 40 Hz AM ASSR was only slightly reduced by 
sedation and remained the optimal one over the 20-160 Hz AM range whether 
sedated or awake. In infants the 40 Hz AM ASSRs were not reliably found 
(Stapells et al., 1988; Levi et al., 1993). In contrast, the response amplitude from 
80 to 100 Hz AM tones does not depend on arousal state (Cohen et al., 1991). 
Sleep or sedation reduces muscle activity which appears to be an important way 
to optimise signal to noise ratios (SNRs) in this range of modulation frequencies. 
However, disadvantages of sedation are the toxic load, the risk of side-effects and 
the requirement of qualified personnel to administer sedation and to monitor the 
subject. 
ASSR thresholds derived from auditory stimuli with 80-100 Hz amplitude 
modulation were reported to be close to behavioural thresholds in sedated or 
sleeping adults with normal hearing. Lins et al. (1996) used a test time of 3.2 to 
12.8 minutes for each recording and found evoked response thresholds that were 
about 11-14 dB above behavioural thresholds in the range 0.5-4 kHz. In 83-90% of 
awake adults with normal hearing, responses needed to be averaged for 3 to 4.5 
minutes to approach behavioural hearing thresholds to within 20 dB with 0.5-4 kHz 
carriers (Perez-Abalo et al., 2001). ASSR thresholds appear to approach 
behavioural thresholds more closely in case of a hearing loss of about 60 dB HL or 
higher. For instance, Rance et al. (1995) reported that a relatively short test time of 
1.5 minutes or less for each recording sufficed to record ASSR thresholds within 
11-20 dB of the behavioural thresholds in the range 1-4 kHz and about 11-40 dB 
at 500 Hz in subjects with a hearing loss of 60 dB or more. In subjects with hearing 
losses below 60 dB HL, ASSR thresholds were found over a wider range. In 
general, existing data from studies on adults and older children using modulation 
frequencies of 80-100 Hz suggest that a test time of at least 3 minutes per 
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stimulus intensity is required to approach behavioural hearing thresholds to within 
20 dB in the frequency range between 0.5-4 kHz. 
Several investigators obtained ASSR thresholds from infants who were not at risk 
for hearing loss. Reported hearing thresholds, testing time per stimulus intensity 
level, number of subjects and age ranges are given below. There were some 
differences in the age of the infants between the studies below: Rickards et al. 
(1994) tested infants younger than 7 days; Levi et al. (1995) tested infants with a 
mean age of 1 month (+/- 5 days); Lins et al. (1996) tested the age range 1-10 
months; Cone-Wesson et al. (2002b) tested at a mean age of 11.5 months, with a 
maximum of 79 months. Rickards et al. (1994) found ASSR thresholds from 32 dB 
SPL (1500 Hz) to 53 dB SPL (500 Hz) (n=245, testing time per stimulus intensity 
level was 20-90 s per carrier frequency); Levi, Folsom, and Dobie (1995) from 40 
dB SPL (2000 Hz) to 45 dB SPL (1000 Hz) (n=35, testing time per stimulus 
intensity was 102 s per carrier frequency); Lins et al. (1996) from 26 dB SPL (2000 
Hz) to 58 dB SPL (500 Hz) (n=21, testing time per stimulus intensity was 3.2-12.8 
minutes per ear and the stimulus comprised four carrier frequencies); Cone-
Wesson et al. (2002b) from 29 dB SPL (2000 Hz) to 45 dB SPL (500 Hz) (n=85, 
testing time per stimulus intensity was 95 s per carrier frequency). So the testing 
time per stimulus intensity was between about 3.2 – 12.8 minutes per ear if four 
carrier frequencies were tested. All these infants were asleep. Note that in all 
these studies, insert earphones were used. Due to the smaller ear canal in infants 
of up to 12 months of age than in adults, the same stimulus may result in an extra 
5 dB at 500 Hz, 7 dB at 1 kHz, 6 dB at 2 kHz and 10 dB at 4 kHz at the eardrum 
(Feigin et al., 1989). Therefore, these values must be added to the reported ASSR 
thresholds before they can be compared to ASSR thresholds obtained with 
headphones for these children, or to ASSR thresholds in adults. 
As concluded above, 80-100 Hz amplitude-modulation frequencies result in small 
response amplitudes. Therefore, a long recording time is needed before averaging 
can raise a response significantly above the background noise level, especially in 
non-sedated subjects. This recording time is estimated as: between about 32-128 
minutes (3.2 minutes x 5 intensities x 2 ears= 32 minutes or 12.8 minutes x 5 
intensities x 2 ears = 128 minutes). This impedes the clinical use of this technique. 
Consequently, several attempts have been made to increase test efficiency.  
To increase test efficiency of the ASSR procedure, stimulus and recording 
parameters need to be optimised. John et al. (1998) successfully reduced test time 
by stimulating with up to four AM tones simultaneously in each ear when the 
stimulus intensities were 60 dB SPL or below and carrier frequencies were at least 
half one octave apart. However, even with this technique, Mens et al. (2001) 
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reported a recording time of 2 hours for threshold determination with four 
simultaneous frequencies in each ear, even in relaxed, cooperative and awake 
adult subjects. This recording time was obtained when recording responses from 
about eight intensities using 5 dB steps and each recording lasting 48 sweeps (13 
minutes). Weighted averaging can increase the SNR compared to normal 
averaging (John et al., 2001a). Several stimuli have been developed to make the 
test more efficient. These include: noise bands (John et al., 1998), AM tones with 
some frequency modulation added (John et al., 2001b), AM tones with exponential 
instead of sinusoidal envelopes (John et al., 2002) and AM complexes with several 
carrier frequencies separated by an integer multiple of the modulation frequency 
(Stürzebecher et al., 2001). However, alterations that increased the response 
amplitude, generally also reduced the frequency-specificity of the response (Picton 
et al., 2003).  
Until now, little attention has been paid to improving the signal to noise ratio of the 
ASSR by means of a multi-channel set up and a carefully selected set of electrode 
positions. Picton et al. (2003) described a modified F test for analysis of responses 
from multi-channel recordings. They reported that this test was no more effective 
in detecting ASSRs than a single channel F test on the channel with the highest 
SNR (vertex to neck). Scalp topography of the auditory steady-state response 
might indicate the most optimal electrode positions. Herdman et al. (2002a) 
observed the best polarity inversions with a 1 kHz carrier frequency at 88 Hz AM in 
adult subjects between the mid-frontal or vertex position (non-inverting) and the 
inion or the neck position (inverting). This suggests that steady-state responses in 
the 80-100 Hz range might be recorded most efficiently at these locations. In a 
previous study on 90-94 Hz AM in adult subjects (van der Reijden et al., 2004) we 
applied a set of ten EEG electrodes to the positions that had been used in many 
previous studies on 80-100 Hz AM. A subset of three EEG derivations (Cz-Inion, 
Cz-Left Mastoid, Cz-Right Mastoid) produced significantly larger SNRs than any 
conventional single channel recording with a 500 Hz or 2000 Hz carrier. In that 
previous study it was shown that significance would on average be reached in 
about 21% of the time needed with conventional single channel recording for the 
2000 Hz carrier and in 89% of that time for the 500 Hz carrier, assuming that the 
recording time is proportional to 1/(SNR)2. This raises the question as to whether 
test efficiency in infants can similarly be improved by selecting the best set of 
electrode positions.  
To answer this question, the aim of the present study was to identify EEG 
derivations that gave the largest SNRs in normal hearing infants younger than six 
months of age. Two carrier frequencies were studied, one representing the low 
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audiometric frequencies (500 Hz) and one representing the high frequencies (2 
kHz). Stimuli were presented at 65 dB SPL as a pilot study indicated that at this 
intensity more than 90% of the infants produced significant (p≤0.05) responses 
within 4.4 minutes test time; at stimulus levels of 60 dB SPL or below, the 
percentage of significant recordings decreased rapidly which was also found by 
Lins et al., 1996.  
 
 
METHOD 
 
Subjects 
Twenty healthy infants (seven male) with no history of ear or hearing problems 
were included in this study. Eleven infants (3 males) were younger than 3 days 
(group A), whereas the other nine (4 males) were between 2.5 and 5 months 
(Group B). Group A was recruited from the neonatal department. All the infants in 
group A had normal gestational age and were born without forceps or vacuum 
extraction. The charts showed no complications. Group B comprised seven 
healthy infants, mainly from staff members and two more infants who had been 
referred to our department to exclude hearing loss and were found to have normal 
ABRs (latencies and thresholds).  
This research received ethical approval from the Local Research Ethical 
Committee CWOM (submission number 9911-0216). All the parents gave 
informed consent for their child to participate. 
 
Auditory stimuli 
Stimuli were presented with supra-aural headphones (Beyerdynamic DT48). 
Tones of 0.5 and 2 kHz that were 100% amplitude modulated with additionally 
20% frequency modulation (FM) as described by John and Picton (2000), were 
presented in either the right or the left ear. The ear of stimulation was permuted 
over the subjects. In nine infants this was the left ear (five from Group A and four 
from Group B) and in eleven infants it was the right ear. 
The modulation frequency in the left ear was 89.844 Hz (for simplicity abbreviated 
to “90 Hz”), while in the right ear it was 93.75 Hz (“94 Hz”), identical to the set-up 
normally used for clinical measurements where the two ears often would be 
stimulated simultaneously. These modulation frequencies were derived from 92 
(left ear) and 96 (right ear) complete modulation cycles fitting exactly into an epoch 
of 1.024 seconds: 92/1.024=89.844 Hz and 96/1.024=93.75 Hz. Stimuli were 
presented at 65 dB SPL. During each recording, only one modulated tone was 
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presented to either the left or the right ear. FM was applied with a phase of -90° at 
the onset of the stimulus, in order to align the maximum frequency of the stimulus 
with the maximum amplitude (John and Picton, 2000).  
 
Table 1. Recording electrode positions used in this study 
Electrode 
number 
Recording electrode positions 
1 Inion 
2 Pz 
3 Neck (Nape of the neck just below the hairline) 
4 Fpz (Forehead) 
5 M2 (Right mastoid) 
6 M1 (Left mastoid) 
7 F4 
8 F3 
9 A2 (Right earlobe) 
10 A1 (Left earlobe) 
11 Cz (vertex) 
 
Recording procedure 
Responses were recorded using the same experimental set-up as that used in a 
previous study to investigate multi-channel ASSRs in adult subjects (Van der 
Reijden et al., 2004). After cleaning the skin with an abrasive gel, disposable 
electrode discs of Ag/AgCl were fixed with Leukopor® tape and conductive EEG 
paste at eleven positions on the head and one ground electrode on the right wrist 
(Table 1). The inter-electrode impedances were checked for being smaller than 5 
kOhm just after attaching them to the head of the infants. During stimulation the 
raw EEG was continuously visually monitored to check for good electrode contact 
with the head. Electrode positions were selected that have been used by other 
authors (Rees et al., 1986; Cohen et al., 1991; Levi et al., 1993; Rickards et al., 
1994; Levi et al., 1995; Lins and Picton, 1995b; Rance et al., 1995; Aoyagi et al., 
1996; Lins et al., 1996; Valdez et al., 1997; Aoyagi et al., 1999; Rance et al., 1999; 
Cebulla et al., 2000; Herdman and Stapells, 2001; John et al., 2001b; Perez-Abalo 
et al., 2001; Savio et al., 2001; Cone-Wesson et al., 2002b).  
Ten-channel recordings were taken with Cz as the common reference. The 
responses picked up by the electrodes were amplified with a multi-channel Nihon 
Kohden amplifier model MME-3132A/G/K. Signals were band-pass filtered from 20 
to 200 Hz at 12 dB/octave. We did not use a 50 Hz notch filter. A gain of 100,000 
was used for all channels. EEG signals were recorded with software that was 
functionally similar to the MASTER software (John & Picton, 2000), but adapted to 
enable recording of ten channels simultaneously. The EEG was sampled at 4 kHz 
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during a run of 4.4 minutes (256 epochs of 1.024 seconds each) and stored on a 
hard disk for off-line analysis. Artifact rejection levels for each epoch were + and –
30 µV. Group B was tested in a quiet room (noise level <20 dBA) with dimmed 
lights. Group A was tested at the Obstetrics Department in a room with a higher 
noise level (25 dBA), which was mainly caused by the air conditioning. The infants 
were lying comfortably on a bed. All measurements were performed just after 
feeding. Most of the infants were sleeping during the recordings. The infants that 
were awake laid quietly in their beds. When the left ear was stimulated, one infant 
from group A was awake. When the right ear was stimulated, three infants from 
group A were awake. In all these infants a top five with significant (p≤0.05) F-
values could be made. No relation between the ear of stimulation and the 
awake/asleep state of the infants was found. Complete measurements were 
obtained from all 20 infants. 
 
 
RESULTS 
 
Multi-channel ASSR data were analysed in the same way as described previously 
(van der Reijden et al., 2003; van der Reijden et al., 2004). To summarize, point 
by point differences between the complete EEG signals of all possible 
combinations of two channels were taken to compute 45 = ([10 x 9]/2) bipolar EEG 
derivations from the 10 EEG channels measured with common reference Cz. Each 
of these 45 computed bipolar EEG derivations was calculated from a pair of 
measured channels. The first channel of this pair can be chosen out of 10 
channels. The second channel of this pair can be chosen out of the remaining 9 
channels. So 10 x 9 = 90 pairs can be found, resulting in 45 unique computed 
pairs since the frequency spectra (after an FFT is applied) of a bipolar channel 
does not change when the order of subtraction is reversed. All 55 derivations (i.e. 
10 measured and 45 calculated) were time-averaged at intervals of 16 epochs and 
then Fast Fourier Transformed. Raw data of response amplitudes and noise levels 
from the twenty infants in three EEG derivations are shown in Figure 1. In this 
figure channels are shown that produced significant responses in a large number 
of subjects (ipsilateral mastoid-Cz) and contrastingly those producing a low 
number (inion-Cz and contralateral mastoid-Cz). Figure 2 shows SNRs of all 55 
derivations from one infant. The frequency resolution was 0.061 Hz. F values were 
calculated by setting out the signal power (squared amplitude) of the response 
given to a modulation frequency against the power averaged over 60 frequency 
bins (3.7 Hz), considered to be noise, on either side of the modulation frequency.  
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Figure 1.  Example of raw data from three EEG derivations in all 20 infants. The left or the
right ear was stimulated with 2 kHz, 94 Hz AM at 65 dB SPL. The amplitudes (■) and noise
values (○) are given in nV before amplification. Subjects 1-9 were stimulated at the left ear
and subjects 10-20 were stimulated at the right ear. A: Amplitudes and noise values of the
Inion-Cz derivation. B: Amplitudes and noise values of the ipsilateral mastoid-Cz
derivation. C: Amplitudes and noise values of the contralateral-Cz derivation. 
 HIGH SIGNAL TO NOISE RATIOS OF ASSR IN INFANTS  
61 
1-
11
2-
11
3-
11
4-
11
5-
11
6-
11
7-
11
8-
11
9-
11
10
-1
1
1-
2
1-
3
2-
3
1-
4
2-
4
3-
4
1-
5
2-
5
3-
5
4-
5
1-
6
2-
6
3-
6
4-
6
5-
6
1-
7
2-
7
3-
7
4-
7
5-
7
6-
7
1-
8
2-
8
3-
8
4-
8
5-
8
6-
8
7-
8
1-
9
2-
9
3-
9
4-
9
5-
9
6-
9
7-
9
8-
9
1-
10
2-
10
3-
10
4-
10
5-
10
6-
10
7-
10
8-
10
9-
10
0
2
4
6
8
10
12
14
16
18
20
EEG derivation
SN
R
 
 
 
 
 
 
 
 
A significance level (p value) of 2.5% (F=3.75, SNR= 10 log (F) = 5.74 dB) in a 
one-sided F test with 2 and 240 (=2 x (60+60)) degrees of freedom was used to 
identify response amplitudes that were significantly above the noise level (Dobie 
and Wilson, 1996). Compared to the 5% false positive criterion used in other 
studies our 2.5% false positive criterion was more strict.  
All twenty subjects showed a significant response to the 2 kHz tone in at least one 
derivation. Significant responses to the 500 Hz tone were found in all 11 subjects 
(in at least two derivations) whose right ear was stimulated and in 7 out of the 9 
subjects whose left ear was stimulated. 
The SNRs across all 55 derivations from a single measurement did not have a 
normal distribution within the subjects (mainly due to outliers) nor did the SNRs of 
identical derivations across subjects. Multivariate analysis or another type of 
parametric analysis would require data with a normal distribution from which 
outliers (in many cases high SNRs) have been removed. Therefore, the non-
parametric analysis described below was used, in which outliers were not an issue 
and equal weights were given to the derivations from each subject regardless of 
his/her average SNR. This analysis was applied to the results of all the infants 
together (Group A and Group B) in each of the four carrier frequency/ear 
conditions (500 Hz, 2 kHz, right ear (N=11), left ear (N=9)). Then the same 
analysis was carried out on Group A and Group B.  
Figure 2. Signal to noise ratios of all 55 EEG derivations from one recording in one
infant. The right ear was stimulated with a 2 kHz tone at 65 dB SPL. The arrows
indicate the EEG derivations that were in the top five of highest SNRs. From left to
right: right mastoid-Cz, inion-right mastoid, Pz-right mastoid, right mastoid-left
mastoid, right earlobe-left mastoid. The EEG derivations comprise sets of two
electrode positions. The electrode numbers on the X-axis refer to the recording
electrode positions as defined in Table 1. The first 10 derivations (1-11...10-11) were
measured in our 10-channel setup. The next 45 derivations (1-2...9-10) were
calculated from these 10 measured ones. 
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Figure 3. The number of subjects who showed a significant response to each combination of 
stimulus frequency (500 or 2000 Hz) and ear, was set out against all 55 EEG derivations. The 
electrode numbers on the X-axis refer to the recording electrode positions as defined in Table 1. 
Per subject, five EEG derivations with the largest SNR were identified if significant on the 2.5% 
level. The number of times each derivation was identified, summed over subjects, is shown as bars 
in this figure. Monte Carlo simulations were used to calculate 95% confidence levels (bold lines) 
indicating derivations that had less than 5% probability of appearing in the top five lists by chance. 
The dashed lines indicate the average chance levels. Left ear stimulation with 2 kHz resulted in a 
total of 41 derivations instead of 45 (9 subjects times a maximum of 5 derivations in each top-five 
list), because some subjects had less than five significant EEG derivations. Right ear stimulation 
with 2 kHz resulted in a total of 56 derivations instead of 55 (11 subjects), because one subject had 
two derivations with identical F values. Left ear stimulation with 500 Hz resulted in 35 derivations 
instead of 45 for similar reason as was given when the left ear was stimulated with 2 kHz. 
 HIGH SIGNAL TO NOISE RATIOS OF ASSR IN INFANTS  
63 
A list was made of the five derivations with the highest SNR in each subject (or 
less than five if too few derivations reached the significance level). In this way, a 
so-called top-five list was created per subject. Next, the number of times a 
particular derivation appeared in the lists was summed over the subjects. As 9 
subjects had left ear stimulation while 11 subjects had right ear stimulation, each 
derivation could appear a maximum of 9 or 11 times in each of the four conditions. 
The numbers of times the derivations occurred are summarized into four 
histograms in Figure 3. These histograms were then subjected to further analysis 
to identify any high-ranking derivations that were dominant in these subjects and 
would therefore suffice to record the ASSR efficiently. Firstly, we calculated the 
average chance level that derivations would appear across subjects. This value 
was 0.75 for left ear 2 kHz stimulation (the maximum total number of times, N=41, 
divided by 55), 0.64 for left ear 500 Hz stimulation, 1.02 for right ear 2 kHz 
stimulation (N=56, divided by 55) and 0.82 for right ear 500 Hz stimulation (45 
divided by 55). The dashed lines in Figure 3 indicate these values. Monte Carlo 
simulation (Press et al., 1994; Rice, 1995) was performed to find the upper limits 
of the 95% confidence intervals around the average chance values. Bold lines in 
Figure 3 indicate the upper limits. Note that these upper limits are well below the 
maximum times that a particular derivation could appear in Figure 3 (9 for left ear 
stimulation and 11 for right ear stimulation) which would not have been the case if 
we had included many more than 5 derivations in our top-lists. So, derivations 
appearing more frequently than chance are found above this 95% level. A set of 
13 derivations exceeded these bold lines in number and therefore occurred 
significantly more frequently than expected by chance in these subjects. These 13 
derivations were subjected to further analysis. Figure 4 presents a graphical view 
of these derivations. Derivations that occurred in the set of 13 across all four 
conditions were the mastoid ipsilateral to the ear of stimulation combined with Cz, 
Inion or Pz (Table 2). The earlobe position appeared only in the 500 Hz, right ear 
condition. Results of Group A and Group B were judged to be essentially 
equivalent as derivations that occurred in the top-five list of three (arbitrary 
criterion) or more infants in each group were also found in the set of derivations 
from the two groups combined. For Group A these were right or left mastoid 
combined with Cz, Pz or inion, and for Group B these were right mastoid 
combined with Cz, Pz or inion and left mastoid-inion. 
Two slightly different modulation frequencies were used in this study: 90 Hz for the 
left ear and 94 Hz for the right ear. Comparing the SNRs from the ipsilateral 
mastoids–Cz derivations in a Mann-Whitney test revealed no significant 
differences between these modulation frequencies for the 2 kHz stimuli (p=0.76) 
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and for the 500 Hz stimuli (p=0.88). So the different modulation frequencies used 
are not likely to produce different responses.  
  
 
Figure 4. Visual presentation of the MCW set of twelve EEG derivations from Table 2. 
Line thickness is proportional to the number of subjects in whom a significant F value was 
found. The legend shows the number of subjects and the corresponding line thickness. 
Note that all derivations involved the mastoid electrode position ipsilateral to the ear of 
stimulation. 
 
Table 2. Top half: Twelve EEG derivations called the “MCW set” with high SNR selected 
after the Monte Carlo analysis and the Wilcoxon analysis. Ns is the number of subjects 
having a significant response in one of the listed derivations (maximum is 9 for the left ear 
and 11 for the right ear). R=Right, L=Left. Bottom half: For the left ear the number of 
significant responses (Ns) remained the same if only the ipsilateral mastoid-Cz derivation 
was selected. For the right ear only, Ns dropped slightly in that case. 
 
Stimulus Ear “MCW set”: twelve EEG derivations selected after Monte Carlo analysis and the Wilcoxon analysis  
N
s 
2 kHz  L L mastoid-Cz L mastoid-Inion L mastoid-Pz L mastoid-F4  7 of 9 
2 kHz  R R mastoid-Cz R mastoid-Inion R mastoid-Pz R mastoid-F3 R mastoid-L mastoid 9 of 11
500 Hz  L L mastoid-Cz L mastoid-Inion L mastoid-Pz   6 of 9 
500 Hz  R R mastoid-Cz R mastoid-Inion R mastoid-Pz R earlobe-Cz R earlobe-Inion 
R earlobe-
Pz 9 of 11
         
Stimulus Ear Ipsilateral mastoid-Cz derivation  
2 kHz  L L mastoid-Cz      7 of 9 
2 kHz  R R mastoid-Cz      7 of 11
500 Hz  L L mastoid-Cz      6 of 9 
500 Hz  R R mastoid-Cz      8 of 11
Cz2 kHz
Left ear
2 kHz
Right ear
Cz
Cz500 Hz
Left ear
500 Hz
Right ear
Cz
Pz Pz
Pz Pz
Inion Inion
Inion Inion
F3F4
1
2
4
6
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To further reduce the set of 13 derivations selected by the Monte Carlo procedure, 
we assessed the distribution of SNRs across subjects. Firstly, the (nonparametric) 
Wilcoxon signed ranks test was applied to eliminate any derivations that produced 
significantly lower SNRs across subjects than the other derivations. No derivations 
could be eliminated from the list found for the 500 Hz carrier in either ear, or from 
the list for the 2 kHz carrier in the right ear. However, for 2 kHz in the left ear, the 
left mastoid-forehead derivation produced significantly lower SNRs than the other 
derivations (p≤0.05), so this derivation was removed. Secondly, Spearman rank-
order correlation coefficients (rs) were calculated between SNRs of all pairs of the 
remaining 12 EEG derivations across the subjects. This was done separately for 
each of the four conditions. Correlations between EEG derivations that were 
significant at the 1% level (r=0.83 or higher) were found for each of the four 
conditions within the combined group (and also in Group A and Group B 
separately). Finally, Table 2 shows that only one derivation per stimulated ear (the 
ipsilateral mastoid-Cz) was sufficient to obtain significant responses in 7 subjects 
(2 kHz right ear) or 8 subjects (500 Hz right ear) instead of 9 that were obtained 
with the MCW-set which, can be considered as an acceptable reduction. 
To quantify how much the ipsilateral mastoid-Cz improved the SNR compared to 
the SNR of each conventional derivation, ratios were calculated per subject and 
condition between the SNR of the ipsilateral mastoid – Cz derivation (SNRim) and 
the SNR produced by each of the conventional derivations (SNRc_{i}) for i = 1…8, 
of course excluding the ipsilateral mastoid-Cz itself in the comparisons. This 
yielded 4 combinations of frequency (500 Hz, 2 kHz) and ear (left, right) times 8 
conventional derivations is 32 within subject ratios (SNRim/SNRci). In these 
calculations, each SNRc that was non-significant was replaced by 5.61 dB (= 10 
log (3.64); p=2.8%; F=3.64), a value just slightly below the significance level 
(p=2.5%; F=3.75), in order not to bias the comparison in favour of the selected 
derivations. Averaged values of these ratios over all the subjects are presented in 
Table 3. In seventeen out of 32 ratios the ipsilateral mastoid-Cz derivations 
produced significantly larger SNRs than the conventional ones. SNRs of the 
selected derivations ranged from 3% to 193% above the SNRs obtained from the 
conventional ones (SNRs from the ipsilateral mastoids-Cz as conventional 
channels were not taken into account). Assuming that the recording time is 
proportional to 1/(SNR)2,  a recording time of between 94% to 12% for the 
selected derivations was calculated as compared to the time needed with 
conventional single-channel recording tested in this study. In other words, Table 3 
shows that clinical application of ASSR might largely benefit from using the 
ipsilateral mastoid-Cz derivations from Table 2 instead of the conventional ones.  
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Table 3. Ratios between the SNRs obtained with the ipsilateral mastoid – Cz derivation 
and the SNRs of 8 conventional derivations (Neck, Fpz, Right mastoid, Left mastoid, Right 
earlobe, Left earlobe relative to Cz, and Fpz relative to the mastoid ipsilateral and 
contralateral to the stimulated ear) averaged across subjects. Ratios marked with an 
asterisk indicate a significantly better SNR for the ipsilateral mastoid-Cz derivation 
(p≤0.05, Wilcoxon matched pairs test). R=Right, L=Left. The left ear was stimulated in 
nine subjects and the right ear was stimulated in eleven subjects.  
 
 Conventional EEG derivations 
Stimulus Ear Neck-Cz Fpz-Cz 
Right 
mastoid-
Cz 
Left  
mastoid-
Cz 
Right 
earlobe-Cz 
Left 
earlobe-Cz 
Fpz-Right 
mastoid 
Fpz-Left 
mastoid 
2 kHz L         
Average ratio 1.46* 2.18* 2.42* 1.00 2.48* 1.34* 2.93* 1.31* 
Std Error 0.16 0.51 0.60 0.00 0.69 0.11 0.88 0.12 
2 kHz R         
Average ratio 1.43* 2.05* 1.00 2.04 1.03 1.73 1.05 2.05* 
Std Error 0.16 0.35 0.00 0.35 0.12 0.31 0.04 0.35 
500 Hz L         
Average ratio 1.26 1.60 1.60 1.00 1.64* 1.16 1.69* 1.30 
Std Error 0.13 0.26 0.19 0.00 0.20 0.09 0.22 0.14 
500 Hz R         
Average ratio 1.54* 2.24* 1.00 2.32* 1.11 1.94* 1.09 2.25* 
Std Error 0.23 0.53 0.00 0.60 0.08 0.50 0.05 0.53 
 
 
DISCUSSION 
 
The present study made the first systematic comparison between SNRs from 
ASSRs that were recorded simultaneously at multiple locations on the head of 
infants younger than 6 months. The results led to the recommendation to use the 
mastoids ipsilateral to the stimulated ear referenced to Cz as recording channels. 
These derivations showed significantly improved SNRs in infants younger than six 
months of age compared to SNRs from the conventional derivations (Table 2 and 
Table 3). With the full set of 12 derivations selected in the first stage of analysis 
(called the MCW set), the SNRs for both 500 and 2000 Hz carrier frequency 
improved only slightly more than with the two-channel set-up. If it is chosen to 
stimulate the two ears simultaneously, our recommendation implies a two-channel 
setup. 
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In the first step of our analysis, derivations that produced a significant response 
were identified in each recording using the F test and a p value of 2.5 per cent. 
Therefore, in the worst case, i.e. no response present in any channel, on average 
only 1.4 out of 55 derivations would have produced a false positive result and 
entered our top five by chance. This small number of false positives would then 
have been removed by the Monte Carlo procedure, because only derivations were 
selected that occurred in a larger number (>2.3 at N=35) than the upper limit of the 
95 per cent confidence interval across subjects. In addition, most F values were 
much larger than the critical significance level (F=3.75, p=0.025), which reduced 
even further the number of false positives in the final analysis. A more serious 
issue in clinical testing if multiple channels are used is that the number of false 
positives will increase if the statistical criterion is not raised. If two or three 
channels are used, we suggest employing a 1 per cent criterion (F=4.7, SNR=6.72 
dB) per derivation, to keep the overall false positive rate well below 5 per cent. 
The literature shows many different EEG derivations that have been used to 
record responses in adults, adolescents and infants (e.g. Cz-neck, Cz-ipsilateral 
mastoid, forehead-ipsilateral mastoid, Cz-ipsilateral earlobe or forehead-neck). In 
a previous study (Van der Reijden et al., 2004), high SNRs were found in awake 
adults at the Cz-inion derivation in the same four conditions as those used in the 
present study. Picton et al. (2003) found Cz-neck as a channel with high SNRs of 
the ASSR at 80 Hz AM among 47 scalp channels using a modified F test. 
Unfortunately, they presented little information about their subject group, state of 
vigilance of the subjects and electrode locations. This makes it difficult to explain 
why their best derivation differed from ours. Given the difference in best 
derivations for infants and adults, it seems beneficial to use different sets of EEG 
derivations for infants younger than six months and for adults in order to increase 
SNRs.  
It is interesting to note that the orientation of the best derivation in adults (Cz-Inion) 
differs so much from the ones found in the present study. One possible 
explanation for this difference may be skull growth and its effect on the volume 
conduction of evoked potentials. Cuffin (1993) calculated that local variations in 
human skull and scalp thickness of about 4 mm could result in 20% variation in 
EEG potentials over that area. Langman (2003) reported that the anterior 
fontanelle does not close fully before the age of 18 months. The posterior 
fontanelle has closed by about three months after birth, while the posterolateral 
(mastoid) fontanelles have closed by the end of the first year (Moore, 1973). Skull 
regions touch at so-called “sutures” which are, among other regions on the head, 
located in the midline. Most of the sutures do not close fully until early adulthood. 
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Apparently, whether or not the posterior fontanelle was open or closed did not 
affect the volume conduction very much in our subject group. The effect of closure 
status of the anterior fontanelle cannot be excluded, but seems minor because of 
its distance to the mastoid recording positions, while closing of the posterolateral 
fontanelles seems likely to contribute to the difference in derivations with high 
SNRs between infants and adults. Further study is needed to specify the age 
range at which this transition occurs. In the mean time, it seems advisable to 
include inion-Cz as a third derivation when recording steady-state responses in 
children that are older than 6 months of age (van der Reijden et al., 2004). 
If open posterolateral fontanelles (and the midline sutures) do indeed play an 
important role in achieving ASSR maxima in young children, electrodes placed 
directly over them instead of on the mastoids, and a reference electrode on the 
suture in the midline might enable even more efficient detection of ASSR in infants 
aged below six months. This will have to be proven in future investigations.  
A more conventional explanation for the difference in sets of optimal electrode 
positions between children and adults is a change in the location and orientation of 
the neural generators of ASSRs evoked with 80-100 Hz AM stimuli during 
maturation. An interesting finding was that responses with high SNRs were 
obtained mainly with the ipsilateral mastoid position combined with Cz, as well as 
with other electrode positions located posteriorly from the corona of the skull (the 
line from ear to ear over the top of the head). This is an indication that sources of 
ASSR from 80-100 Hz AM stimuli in infants may be located in the region of the 
brainstem. An analysis of apparent latency measurements indicated the brainstem 
as a likely source region of the 80-100 Hz AM ASSR in adults (Picton et al., 2003). 
Therefore, the location of neural generators does not seem to provide a full 
explanation of the difference between the sets of EEG derivations with high SNRs 
in adults and infants. Maybe the average orientation of the neural generators in 
infants correlates more to the ear of stimulation than it does in adults. This may 
contribute to the difference between the results in left an right ear stimulation in 
infants. 
At this time, the authors do not know exactly how to explain the differences 
between adults and infants. Surface EEG alone seems insufficient to assess the 
relative contributions of source localization, source orientation and skull growth to 
ASSRs. More EEG, MEG and MRI data that relate subject state to the response to 
slow AM (40 Hz) and fast AM (90 Hz) stimuli in different age groups may provide 
more insight.  
In summary, recording the ASSR from EEG channels with high SNRs may help to 
reduce recording time in the clinic and to achieve more accurate frequency 
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specific hearing threshold estimates in infants younger than 6 months of age. As 
these infants and adults had different sets of EEG derivations with high SNRs, a 
combination of both sets seems to be appropriate in the age range between 6 
months and adulthood.  
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ABSTRACT 
 
Objective: To identify stimulus conditions and EEG derivations that yield strong 
Auditory Steady-State Responses (ASSRs) in adults and in infants aged 0 to 5 
months, i.e. high signal to noise ratios (SNRs). The subjects were awake but 
relaxed (adults) or asleep (adults and infants) as these were considered to be the 
conditions in which ASSRs will normally be recorded. 
Design: ASSRs were recorded with ten-channel EEG registration. A monopolar 
montage was used with Cz as common reference electrode. Recordings were 
obtained from 30 adults while awake, 10 adults while asleep and 20 infants while 
asleep. Stimuli were tones of 500 Hz or 2 kHz that were 100% amplitude 
modulated and 20% frequency modulated (Mixed-Mode or MM stimulus). Tones 
were presented for 4.4 minutes to either the right or the left ear at 20 dB above the 
behavioural thresholds in the adults and at 65 dB SPL in the infants. Amplitude 
modulation (AM) frequencies were used in the range of 40 Hz and 90 Hz. Testing 
was also performed with a second type of stimulus, using multiple carriers at a 
distance of twice the modulation frequency (Extended-Stürzebecher stimulus or 
ES stimulus). 
Results: In adults (awake or asleep), the strongest ASSRs were found with ES 
stimuli and 40 Hz AM. Derivations that produced large SNRs were inion-Cz, neck-
Cz and ipsilateral mastoid-Cz. In infants (asleep), 90 Hz AM produced reliable 
responses, whereas 40 Hz AM did not. Derivations that produced large SNRs 
were ipsilateral mastoid- referenced to Cz, Pz or inion. Stronger ASSRs were 
produced with the 2 kHz ES stimulus than with the MM stimulus, but the reverse 
was found with the 500 Hz MM stimulus that produced larger responses than the 
ES stimulus. 
Conclusions: Stimulus and recording parameters were identified that improved the 
detection of ASSRs. These stimulus/recording parameters differed between the 
adults and infants of younger than six months. 
 
 
INTRODUCTION 
 
Interest in auditory steady-state responses (ASSRs) as a method to estimate 
frequency-specific hearing thresholds in infants and adults and the number of 
commercially available systems to obtain ASSR measurements have been 
growing rapidly over the past few years. However, to make the ASSR a feasible 
and reliable tool for clinical application, a number of issues still has to be 
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improved. One necessity is to increase the signal to noise ratio (SNR) of the ASSR 
to enable estimation of hearing thresholds within a fairly short time (e.g. 30 
minutes) and with acceptable sensitivity and specificity. Using an efficient test 
procedure in which both ears were stimulated simultaneously with four carrier 
frequencies (0.5, 1, 2 and 4 kHz), Luts et al. (2004) showed that about 55 minutes 
were needed to assess hearing thresholds in adult subjects with normal hearing 
within 19 dB above the behavioural thresholds. In hearing impaired subjects, an 
average of about 75 minutes was required to estimate hearing thresholds within 24 
dB above the behavioural thresholds. This recording time was longer than that in 
adults with normal hearing, mainly because of the sloping hearing losses that 
required more intensities to test. Luts et al. (2004) used stimuli with 90 Hz 
amplitude modulation (AM) and one channel recording with electrode positions 
that have been optimised to obtain high signal to noise ratios (SNRs). Therefore, 
further optimisation is needed to reduce the testing time. Other parameters that 
may reduce the recording time are: the stimulus waveform and the spectral 
content of the carrier frequency, AM frequency, arousal state of the subjects and 
the EEG channels used to record the ASSR. As ASSRs depend on all of these 
parameters, we made within subject comparisons of the responses to these 
parameters. 
 
Stimulus: Waveform envelope and carrier frequencies  
In the study by Luts et al., (2004) as mentioned above, mixed modulation (MM) 
stimuli were used with 100 per cent amplitude modulation (AM) and 20 per cent 
frequency modulation (FM). The addition of FM improved the response amplitude 
by about 37% compared to the situation with amplitude modulation only (John et 
al., 2000). Manipulation of the waveform envelope increased the SNR of steady-
state responses. John et al. (2002) found that AM envelopes of sinusN , so-called 
exponential envelopes with N larger than 1, produced stronger ASSRs than 
sinusoidal envelopes (N=1). No FM had been added to the stimuli in this 
comparison. The ASSRs showed improvement in the lower and higher 
frequencies, but smaller effects in the mid-frequencies (1500 – 2000 Hz). Another 
approach is to create a spectrally denser stimulus by combining multiple carrier 
frequencies, each separated by twice the modulation frequency (Stürzebecher et 
al., 2001). These authors showed that in adults, SNRs were about 66% larger with 
three carrier frequencies than with one carrier of the same stimulus intensity (no 
FM was applied). Their so-called AM3MF2 stimulus increased the SNR by about 
11% compared to a mixed modulation MM stimulus (which also had FM). 
Therefore, in the present study (Experiment 1A), it was decided to compare the 
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effectiveness of a multiple-carrier stimulus to that of an MM stimulus under various 
conditions.  
 
Modulation frequencies and arousal state 
Cohen et al. (1991) investigated ASSRs in adults using a broad range of 
modulation frequencies of between 30 and 185 Hz at intervals of 5 Hz with MM 
stimuli. While the subjects were awake, the largest response amplitudes were 
found at 40 Hz AM with a second, but smaller, response amplitude maximum at 
around 90 Hz AM. While asleep, less favourable ASSRs were obtained with 2 kHz 
stimuli and 40 Hz AM than with 90 Hz AM.2 However, in response to 500 Hz 
stimuli, the 40 Hz ASSR produced larger SNRs than with 90 Hz AM regardless of 
the arousal state. This indicates that the 40 Hz ASSR may be useful to examine 
adults who are difficult to test due to e.g. handicap or cognitive impairment. It may 
also be interesting to explore this AM frequency further with other stimuli and with 
a multi-channel approach and to compare the findings to the SNRs at around 90 
Hz AM (Experiments 1B and 1C).  
Generally the awake arousal state produced strong 40 Hz ASSRs in adults, but in 
infants, the 40 Hz AM ASSRs were not reliable found (Stapells et al., 1988; Levi et 
al., 1993; Pethe et al., 2004). In contrast, 90 Hz AM ASSRs could be detected 
reliably while the infants were asleep (Rickards et al., 1994; Levi et al., 1995; Lins 
et al., 1996; Cone-Wesson et al., 2002b). The sleeping condition also has the 
advantage that muscles are more relaxed than in the waking state, which may 
reduce physiological noise on an infant’s head. Therefore, we decided to test our 
group of infants while they were asleep. To ensure uniformity, 40 Hz AM and 90 
Hz AM were used to test the infants and adults. This also enabled SNRs to be 
compared between the two age groups (Experiments 2A and 2B).  
 
Electrode positions 
In a previous study, multi-channel recordings of ASSRs were obtained from adults 
while they were awake to select the channels with the largest SNRs (Van der 
Reijden et al., 2004). The inion-Cz derivation was found to produce the strongest 
ASSRs. However, in sleeping infants the inion-Cz derivation did not produce large 
SNRs (van der Reijden et al., 2005). Instead, the ipsilateral mastoid-Cz derivations 
produced the largest SNRs. Both studies applied 90 Hz AM stimuli only.  
Rickards et al. (1994) found low ASSRs in infants using 40 Hz AM when the 
electrodes were placed on the mid forehead – ipsilateral mastoids. More optimal 
electrode positions may have produced larger response amplitudes.  
                                                 
2 Cohen et al. (1991) classified sleep stages according to the sleep scoring manual of 
Rechtschaffen and Kales (1968). If the subjects were in stage W (wakefulness) or stage 1 they 
were considered to be awake. If the subjects were in stage 2, 3 or 4, they were considered to be 
asleep. 
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Figure 1. Visual representations of the mixed modulation (MM) stimuli. On the left, the stimulus
time waveform is shown, while its spectral content is visualised on the right. The auditory stimuli
had an intensity of 80 dB SPL.  These stimuli were transformed into electrical signals by a 6 cc
coupler (Bruel & Kjær 4152 artificial ear) and a sound level meter (Bruel & Kjær 2260 Investigator)
and recorded to create this figure. All carrier frequencies were 100% amplitude modulated and
20% frequency modulated. A: 500 Hz carrier frequency with 94 Hz AM. B: 500 Hz carrier frequency
with 43 Hz AM. C: 2000 Hz carrier frequency with 94 Hz AM. D: 2000 Hz carrier frequency with 43
Hz AM. 
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Thus, the question is: Can significant ASSRs be obtained from infants with 40 Hz 
AM stimuli using optimal electrode positions? If so, how much larger are they than 
those obtained with 90 Hz AM (Experiment 2B).  
 
 
METHOD 
 
Auditory stimuli 
All auditory stimuli were presented with supra-aural headphones (Beyerdynamic 
DT48). In the adults, the stimuli were presented at 20 dB Sensation Level (SL), i.e. 
20 dB above the behavioural threshold for that stimulus. In the infants, the stimuli 
were calibrated with a fixed intensity level of 65 dB SPL on a 6 cc coupler (Bruel & 
Kjær 4152 artificial ear) with a sound level meter (Bruel & Kjær 2260 Investigator). 
A pilot study showed significant (p≤0.05) responses from more than 95% of the 
infants with carrier frequencies of 500 Hz or 2 kHz presented at this level. During 
each recording, only one modulated tone was presented to either the left or the 
right ear. The modulation frequencies in the left ear were 89.844 Hz (for simplicity 
abbreviated to “90 Hz”) or 39.063 (“40 Hz”), while in the right ear these 
frequencies were 93.75 Hz (“94 Hz”) or 42.969 (“43 Hz”). All the modulation 
frequencies were derived from 92 or 40 (left ear) and 96 or 44 (right ear) complete 
modulation cycles that fit exactly into an epoch of 1.024 seconds.  
 
Mixed modulation (MM) stimuli 
Tones of 500 Hz or 2 kHz were presented with 100% AM and 20% FM (Figure 1). 
FM was applied with a phase of -90° at the onset of the stimulus, to align the 
maximum frequency of the stimulus with the maximum amplitude (John & Picton, 
2000). 
 
Extended Stürzebecher (ES) stimuli 
Instead of the three carriers employed by Stürzebecher et al. (2001), we used up 
to six carriers  within one octave band around the nominal stimulus frequency. 
Each carrier frequency was separated by a distance of twice the modulation 
frequency to augment the evoked response, possibly at the expense of frequency 
specificity. This type of stimulus was named Extended Stürzebecher (ES) 
stimulus. The ES stimuli were constructed using a central tone of 430 Hz (nominal 
frequency “500 Hz”) or 2120 Hz (nominal frequency “2000 Hz”), see Figure 2. 
Central tones were chosen that differed from the nominal frequency so that the 
resulting spectral peaks lay symmetrically around the nominal frequency on a 
logarithmic scale.  
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Figure 2. Visual representations of the Extended Stürzebecher (ES) stimuli. On the left, the stimulus
time waveform is shown, while its spectral content is visualised on the right. The auditory stimuli had
an intensity of 80 dB SPL.  These stimuli were transformed into electrical signals by a 6 cc coupler
(Bruel & Kjær 4152 artificial ear) and a sound level meter (Bruel & Kjær 2260 Investigator) and
recorded to create this figure. All carrier frequencies were 100% amplitude modulated. A: Carrier
frequencies within one octave around 500 Hz with 94 Hz AM. B: Carrier frequencies within one octave
around 500 Hz with 43 Hz AM. C: Carrier frequencies within one octave around 2000 Hz with 94 Hz
AM. D: Carrier frequencies within one octave around 2000 Hz with 43 Hz AM. 
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For example, one carrier was added to the right of the 430 Hz tone at 618 Hz (430 
+ 2*94) if it was amplitude modulated with 94 Hz (spectral width of the electric and 
the acoustic signals: 336-712 Hz). Due to the 100% AM frequency, additional 
spectral lines will appear in the power spectrum at 336 (= 430-94) Hz, 524 (= 430 
+ 94) Hz and at 712 (= 430 + 2*94 + 94) Hz.  
Two carriers were added on either side of the 430 Hz tone if it was amplitude 
modulated with 40 or 43 Hz which produced a spectral width of the electric and the 
acoustic signals of between 215-645 Hz. Due to the 100% amplitude modulation, 
additional spectral lines will appear in the power spectrum in a similar way to that 
described above for 90/94 Hz AM. Three carriers were added on each side of the 
2120 Hz tone if it was amplitude modulated with 90 Hz or 94 Hz. This produced a 
spectral width of the electric and the acoustic signals of between 1462-2778 Hz). 
Six carriers were added on each side of the 2120 Hz tone if it was amplitude 
modulated with 40 or 43 Hz. The spectral widths of the electric and acoustic 
signals were between 1561-2679 Hz.  
 
Recording procedure 
Adult subjects were recruited from the personnel at our ENT laboratory. They had 
normal hearing thresholds of below 20 dB HL with 0.5 to 8 kHz tones. All stimulus 
conditions were applied in one recording session, which took about two hours. 
Responses to the stimuli were recorded using the same experimental set-up as 
that used previously to investigate multi-channel ASSRs in adult subjects (Van der 
Reijden et al. 2004). The skin was cleaned with an abrasive gel. Disposable 
electrode discs of Ag/AgCl were fixed with conductive EEG paste at eleven 
positions on the head and one on the right wrist (ground) (Table 1).  
 
Table 1. Recording electrode positions used in this study 
 
Electrode 
number 
Recording electrode positions 
1 Inion 
2 Pz 
3 Neck (Nape of the neck just below the hairline) 
4 Fpz (Forehead) 
5 M2 (Right mastoid) 
6 M1 (Left mastoid) 
7 F4 
8 F3 
9 A2 (Right earlobe) 
10 A1 (Left earlobe) 
11 Cz  (vertex) 
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In the infants, the same procedure was followed and additionally, the disposable 
electrodes were fixed to the head with Leukopor® tape. EEG recordings were 
taken from electrode positions selected on the basis of a literature review (see 
also Van der Reijden et al., 2004).  
Ten-channel recordings were taken with Cz as common reference electrode 
position. The responses picked up by the electrodes were amplified with a multi-
channel Nihon Kohden amplifier model MME-3132A/G/K. Signals were band-pass 
filtered from 20 to 200 Hz at 12 dB/octave. We did not use a 50 Hz notch filter. A 
gain of 100,000 was used for all channels. EEG signals were recorded with 
software that was functionally similar to the MASTER software (John & Picton, 
2000), but adapted to enable recording of ten channels simultaneously. The EEG 
was sampled at 4 kHz per channel during a run of 4.4 minutes (256 epochs of 
1.024 seconds each) and stored on a hard disk for off-line analysis. Artifact 
rejection levels for each epoch were + and –30 µV.  
 
Subjects 
A complete set of measurements was obtained from 30 adults (group A (N=20; 10 
women) + group D (N=10; 7 women)) and from 20 infants (group BA (N=11; 8 
girls) + group BB (N=9; 5 girls)). Ages of the adults ranged from 22 to 56 years. 
Individual threshold values were determined with all the ASSR stimuli. The adults 
were tested in a quiet room (noise level <20 dBA) with dimmed lights.  
Group BA comprised eleven infants of younger than 3 days, while group BB 
comprised nine infants of between 2.5 and 5 months. It was considered highly 
probable that all the infants had normal hearing and all the children in group BB 
passed the standard hearing screening tests successfully. Group BA was recruited 
from the Obstetrics Department. All the infants had normal gestational age and 
were born without forceps or vacuum extraction. The charts showed no 
complications. They were tested at the Obstetrics Department in a room with a 
slightly high noise level (25 dBA), which was mainly caused by the air conditioning. 
Infant group BB was tested in a quiet room (noise level <20 dBA) with dimmed 
lights. The infants were lying comfortably on a bed. All the measurements were 
done just after feeding. Most of the infants were asleep (natural sleep) during the 
recordings. The same set-up was used as that in the adults.  
All adult subjects were cooperative and from all adult subjects and all parents of 
participating infants informed consent was collected. This research received 
ethical approval from the Local Research Ethical Committee (submission number 
9911-0216). 
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Data analysis 
Multi-channel ASSR data were analysed in the same way as that described in a 
previous study (Van der Reijden, Mens & Snik, 2004). Forty-five ([10 x 9]/2) bipolar 
EEG derivations were obtained from ten-channel EEG recordings with Cz as the 
common reference. The resulting 55 derivations (i.e. 10 measured and 45 
calculated) were time-averaged at intervals of 16 epochs of 1.024 s each and then 
Fast Fourier Transformed. Frequency resolution was 0.061 Hz. F values were 
calculated by setting out the signal power (squared amplitude) of the response to 
each modulation frequency against the power averaged over 60 frequency bins 
(3.7 Hz), considered to be noise, on either side of the modulation frequency. A 
significance level (p value) of 2.5% was chosen (F=3.75, SNR=5.74 dB) in a one-
sided F test with 2 and 240 (=2 x (60+60)) degrees of freedom, to identify 
response amplitudes that were significantly above noise level. Per subject, EEG 
derivations were selected with the largest SNRs. Then the data from all the 
subjects were combined as described elsewhere (Van der Reijden et al., 2004). 
 
 
RESULTS 
 
EXPERIMENT 1: EFFECT OF STIMULUS TYPE, MODULATION FREQUENCY 
AND AROUSAL STATE ON SNRS IN ADULTS 
 
Experiment 1A: Effect of adding carriers to the stimulus with 90 Hz AM 
In experiment 1A, twenty adult subjects (group A) were awake and lying on a bed 
comfortable. Their age ranged from 22-56 years. They were asked to stay awake 
during the measurements and between the recordings, it was checked whether 
they were awake by talking with them. Responses were recorded to MM stimuli 
and ES stimuli. Stimuli were amplitude modulated with 90 Hz (left ear) or 94 Hz 
(right ear) in subsequent recordings. Both ears were tested. All the subjects gave 
significant responses to the 2 kHz stimuli, while 18 subjects gave significant 
responses to the 500 Hz stimuli. Table 2 presents ratios of the SNRs obtained with 
the ES stimulus and the MM stimulus at a loudness level of 20 dB SL. The EEG 
derivations with the largest SNRs were inion-Cz, left mastoid-Cz, right mastoid-Cz 
and neck-Cz. For these derivations, ratios were calculated as SNRES/SNRMM 
within the subjects and averaged across the subjects. The other ratios are not 
listed for clarity. The table shows that the SNRs of the ASSRs evoked with the 2 
kHz ES stimuli were between 57% - 87% larger than those evoked with the MM 
stimuli. These improvements were highly significant (p<0.001, Wilcoxon test). 
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SNRs were systematically larger (range 10-15%) with the 500 Hz ES stimuli than 
with the MM stimuli, but none of them reached a significance level of p<0.05. The 
two stimulus configurations produced strong responses at inion-Cz and ipsilateral 
mastoid-Cz, but only the ES stimulus produced large responses at neck-Cz.  
 
Table 2. Ratios between the SNRs obtained with the ES stimulus and the MM stimulus 
with 90 Hz AM at a loudness level of 20 dB SL while the adults were awake.   
 
 EEG derivations with large SNRs  
Stimulus Ear Inion-Cz Left mastoid-Cz Right mastoid-Cz Neck-Cz 
2 kHz L      
Average ratio  1.57*   1.79* 
Std Error  0.14   0.14 
2 kHz R      
Average ratio    1.87*  
Std Error    0.17  
500 Hz L      
Average ratio   1.10  1.15 
Std Error   0.13  0.15 
500 Hz R     
Average ratio    1.12  
Std Error    0.10  
 
 * SNRs improved significantly (p<0.001) with the ES stimulus compared to the MM stimulus 
 
Experiment 1B: Effect of modulation frequency in adult subjects while awake 
Ten subjects (group D) were included. Age ranged from 24 to 54 years. Table 7 
presents the number of subjects in the awake state (stage w or 1) during 
experiment 1B. The right ear was stimulated in five subjects, while the left ear was 
stimulated in the other five subjects. In this experiment, only ES stimuli were used. 
Amplitude modulation frequencies of 40 Hz and 90 Hz were compared. The 
presentation level was 20 dB SL. EEG derivations that produced strong responses 
to 40 Hz AM stimuli were inion-Cz, Pz-Cz, neck-Cz, ipsilateral mastoid-Cz. Table 3 
shows the SNRs of the 40 Hz stimuli and the 90 Hz ES stimuli. Data from all the 
subjects (left ear and right ear stimulation) were pooled. One subject had missing 
data, because he fell asleep. The table shows that the average SNRs in the 40 Hz 
condition were about 1.8 times larger than those in the 90 Hz condition. 
Significantly larger SNRs were obtained in response to 2 kHz 40 Hz AM stimuli 
than to the 90 Hz stimuli. Average SNRs in response to the 500 Hz 40 Hz AM 
stimuli were systematically larger than those obtained in the 90 Hz condition, but 
these improvements were not significant. For reference purposes, data published 
by Cohen et al. (1991) have been added to Table 3. Their SNRs were obtained 
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from adults while awake in response to MM stimuli with similar recording times to 
those in the present study. 
 
Experiment 1C: Effect of modulation frequency in adult subjects while asleep 
ASSRs were obtained during the second half of the recording session while the 
same adult subjects who participated in experiment 1B were in natural sleep. 
Table 7 presents the number of subjects in the sleep state (stage 2, 3 or 4) during 
experiment 1C. Again, only the ES stimuli were applied; separate recordings were 
made with 40 Hz and 94 Hz AM. The presentation level was 20 dB SL. All ten 
subjects produced significant responses to the 2 kHz stimuli, while nine out of the 
ten subjects produced significant responses to the 500 Hz stimuli with 40 Hz and 
90 Hz AM. Different subjects produced the various non-significant responses. 
Derivations that detected ASSRs with high SNRs were inion-Cz, Pz-Cz, neck-Cz, 
ipsilateral mastoid-Cz. SNRs from these derivations are shown in Table 4. Data 
from all the subjects (left ear and right ear stimulation) were pooled. The SNRs of 
the 40 Hz ASSRs were on average about 1.7 times larger than those of the 90 Hz 
AM. Significantly larger SNRs were produced with the inion-Cz and the ipsilateral 
mastoid-Cz derivations in response to the 2 kHz stimulus with 40 Hz AM than with 
90 Hz AM. In response to the 500 Hz stimulus, significantly larger SNRs were 
seen at the inion-Cz derivation with 40 Hz AM. For reference purposes, data 
published by Cohen et al. (1991) on the MM stimulus have been added to the 
Table. Comparison of the 40 Hz data in Tables 3 and 4 showed that the ASSRs 
were systematically (but not significantly) smaller while the adults were asleep.  
 
Table 3. Average SNRs and their standard errors obtained with the Extended 
Stürzebecher (ES) stimulus with 40 Hz AM and 90 Hz AM while the adults were awake. 
Standard errors are given between parentheses. SNRs that were significantly (p≤ 0.05) 
larger with 40 Hz AM  than with 90 Hz AM are indicated by an asterisk  
 
 EEG derivations with large SNRs in adults while awake 
ES stimulus 
 Cohen et al. 1991
MM stimulus 
Stimulus Inion-Cz Ipsilateral mastoid-Cz Pz-Cz Neck-Cz  Right Mastoid-Cz 
2 kHz       
40 Hz 10.8* (1.3) 10.2* (1.8) 8.9* (1.0) 10.3* (1.4)  5.5 
90 Hz 4.3 (0.6) 5.8 (1.0) 6.0 (1.1) 6.3 (0.9) 3.0 
       
500 Hz       
40 Hz 8.0 (1.6) 7.8 (1.8) 6.0 (1.1) 8.9 (2.1)  6.0 
90 Hz 3.9 (1.3) 4.8 (1.6) 3.7 (0.9) 4.7 (1.6)  2.0 
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Table 4. Average SNRs and their standard errors obtained in response to the ES stimulus 
with 40 Hz AM and 90 Hz AM while the adults were asleep. Standard errors are given 
between parentheses. SNRs that were significantly (p≤ 0.05) larger with 40 Hz AM than 
with 90 Hz AM are indicated by an asterisk  
 
 EEG derivations with large SNRs in adults while asleep ES 
stimulus 
Cohen et al. 1991
MM stimulus 
Stimulus Inion-Cz ipsilateral mastoid-Cz Pz-Cz Neck-Cz Right Mastoid-Cz 
2 kHz      
40 Hz 8.5* (1.5) 7.5* (1.5) 6.6 (1.2) 8.8 (1.5) 4.0 
90 Hz 4.5 (0.9) 4.6 (0.8) 5.3 (1.0) 5.6 (0.9) 6.5 
      
500 Hz      
40 Hz 6.6* (1.4) 6.3 (1.6) 4.6 (0.9) 6.5 (1.5) 3.0 
90 Hz 3.4 (0.7) 3.4 (0.7) 3.1 (0.5) 3.4 (0.7) 2.0 
 
 
 
EXPERIMENT 2: EFFECT OF STIMULUS TYPE AND MODULATION 
FREQUENCY ON SNRS IN INFANTS WHILE ASLEEP 
 
Experiment 2A: Effect of adding carriers 
In this experiment MM stimuli (Table 5) and ES stimuli (Table 6) were presented 
separately to the left ear of a total of nine infants and to the right ear of eleven 
infants (all subjects from group BA and group BB). The stimuli were amplitude 
modulated with 90 Hz or 94 Hz and the stimulus level was fixed at 65 dB SPL.  
 
First, EEG derivations were evaluated that produced large SNRs in these subjects 
in response to MM stimuli: the ipsilateral mastoid – Cz, ipsilateral mastoid-Pz and 
ipsilateral mastoid-inion (Van der Reijden et al., 2005). These derivations also 
produced large SNRs in the same subjects in response to ES stimuli. Comparison 
of the 2 kHz ES stimuli data in Tables 5 and 6 showed that the SNRs were about 
twice as large as those produced by the MM stimuli. In contrast, the 500 Hz ES 
stimuli produced SNRs that were about 10% smaller than those produced by the 
MM stimuli. Fourteen infants produced significant responses to the 500 Hz 
stimulus and the same number to the 2 kHz MM stimulus. Responses to the 2 kHz 
ES stimulus were significant in seventeen infants, while responses to the 500 Hz 
stimuli were significant in twelve infants. 
 
Experiment 2B: Effect of modulation frequency  
In the second half of recording session 2A, separate recordings were made of the 
ASSRs produced by the same subject groups (BA and BB) in response to MM 
stimuli and ES stimuli with 40 Hz or 44 Hz AM. SNRs at 2 kHz were significantly 
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larger with 90 Hz AM than with 40 Hz AM, both with the ES and MM stimuli, while 
at 500 Hz, this was only true with the MM stimulus (Tables 5 and 6). EEG 
derivations that produced ASSRs with large SNRs in the 40 Hz range with MM 
stimuli and ES stimuli were the ipsilateral mastoid referenced to Cz, Pz or the 
inion.  
 
 
Table 5. Average SNRs and their standard errors obtained in response to the MM 
stimulus with 40 Hz AM and 90 Hz AM in twenty infants while asleep. Standard errors are 
given between parentheses. SNRs that were significantly (p≤ 0.05) larger with 90 Hz AM 
than with 40 Hz AM are indicated by an asterisk. Between brackets are displayed the 
number of subjects with SNRs that were significantly above the noise level and the 
number of subjects for whom recordings were available (with significant and non-
significant SNRs).  
 
 EEG derivations with large SNRs  
Stimulus ipsilateral mastoid-Cz ipsilateral mastoid-Pz Ipsilateral mastoid-inion 
2 kHz    
40 Hz 2.3 (0.3) [7 of 17] 2.3 (0.3) [7 of 17] 2.3 (0.3) [6 of 17] 
90 Hz 6.1* (1.2) [14 of 20] 6.1* (1.2) [13 of 20] 5.8* (1.0) [14 of 20] 
500 Hz    
40 Hz 2.5 (0.2) [10 of 18] 2.6 (0.2) [10 of 18] 2.8 (0.3) [10 of 18] 
90 Hz 4.6* (0.8) [14 of 20] 4.3* (0.77) [15 of 20] 4.1* (0.6) [13 of 20] 
 
 
Table 6. Average SNRs and their standard errors obtained in response to the ES stimulus 
with 40 Hz AM and 90 Hz AM in infants while asleep. Standard errors are given between 
parentheses. SNRs that were significantly (p≤ 0.05) larger with 90 Hz AM than with 40 Hz 
AM are indicated by an asterisk. The number of subjects with SNRs that were significantly 
above the noise level and the number of subjects for whom recordings were available 
(with significant and non-significant SNRs) are indicated between brackets. The R-
columns present the within subject ratios and their standard errors between the SNRs 
obtained from the infants while asleep in response to the ES stimulus and the MM 
stimulus (R= SNRES/SNRMM) with 90 Hz AM only. SNRs that were significantly larger 
(p≤0.05) with the ES stimulus than with the MM stimulus are indicated by “#”. SNRs that 
were significantly larger (p≤0.05) with the MM stimulus are indicated by “+” 
 EEG derivations with large SNRs  
 ipsilateral mastoid-Cz ipsilateral mastoid-Pz  Ipsilateral mastoid-inion 
Stimulus SNRES  R SNRES R  SNRES  R 
2 kHz    
40 Hz 3.3 (0.3) [13 of 19] -- 3.2 (0.4) [11 of 19] -- 3.3 (0.4) [11 of 19] -- 
90 Hz 9.2* (1.6) [17 of 19] 2.2# (0.6) 8.8* (1.6) [17 of 19] 1.9 (0.5) 8.1* (1.6) [16 of 19] 2.2 (0.7) 
500 Hz    
40 Hz 2.7 (0.2) [12 of 19] -- 2.5 (0.2) [13 of 19] -- 2.9 (0.3) [11 of 19] -- 
90 Hz 3.2 (0.5) [12 of 19] 0.9+ (0.1) 3.3 (0.6) [12 of 19] 0.9 (0.1) 3.2 (0.6) [10 of 19] 0.9 (0.1) 
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Tables 5 and 6 indicate SNRs of <3.5 with these stimuli. Significant responses 
were obtained with 2 kHz 40 Hz amplitude modulated MM stimuli from seven out 
of the twenty infants; three recordings were not available (because of time 
constraints). With 40 Hz amplitude modulated ES stimuli, eleven significant 
responses were produced and one recording was not available. Significant 
responses were obtained with 500 Hz MM stimuli from ten out of the twenty 
infants; two recordings were not available. With 500 Hz ES stimuli, twelve 
significant responses were produced and one recording was not available. 
DISCUSSION 
 
Effectiveness of the MM stimulus and the ES stimulus  
ASSRs evoked with the 2 kHz ES stimulus and 90 Hz AM were significantly larger 
than those evoked with the MM stimulus (90 Hz AM) while the adults were awake 
and while the infants were asleep. With 500 Hz stimuli, the advantage of the ES 
stimulus over the MM stimulus was small (10-15%) and non-significant in the 
adults, whereas surprisingly, the ES stimulus produced systematically smaller 
responses than the MM stimulus in the infants (Exp 2A). The increased 
effectiveness of the 2 kHz ES stimulus observed in the adults and infants  cannot 
be explained by differences in loudness, because all the stimuli were presented at 
20 dB above the behavioural thresholds to the adults and at 65 dB SPL to the 
infants. Nor can it be explained by the peak amplitudes of the carriers, because 
these were smaller than in the MM stimulus at equal loudness levels given the 
spectral content of the two stimuli (see Figures 1 and 2). A possible explanation for 
the larger responses to the 2 kHz ES stimulus is that more independent nerve 
fibres were stimulated in synchrony than with the MM stimulus. The bandwidth of 
the 500 Hz ES stimuli was smaller than that of the 2 kHz ES stimuli, which may 
have reduced its advantage over the 500 Hz MM stimulus. In infants, however, the 
difference between the responses to the 500 Hz stimuli may be explained by 
greater effectiveness of the FM component in the MM stimulus. Probably FM 
enabled that more independent nerve fibres were stimulated in synchrony than the 
ES stimulus did.  
In the present study, we did not compare the ES stimulus to the MM stimulus in 
adults using 40 Hz AM. However, the SNRs obtained in response to 2 kHz ES 
stimuli with 40 Hz AM while the adults were awake proved to be almost twice as 
large as those found by Cohen et al. (1991), who used MM stimuli (and 
comparable recording times). When the adults were asleep, this result applied to 
the 500 Hz and 2 kHz stimuli. Thus, the ES stimulus with 40 Hz AM is likely to be 
more efficient than the MM stimulus, at least in adult subjects who are awake. 
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In infants, a combination of 2 kHz ES stimulus and 500 Hz MM stimulus might 
improve the detection of ASSRs compared to one type of stimulus in the two 
octave bands. However, the ES stimulus is spectrally broader and has the 
potential disadvantage of reduced frequency specificity (Stürzebecher et al., 
2001). This should be weighed against any reduction in recording time if the 
approach is used in clinical practice.  
 
Modulation frequency and arousal state  
When the adults were awake, their SNRs to ES stimuli with 40 Hz AM were larger 
than those with 90 Hz AM (Table 3). When the adults were asleep, the SNRs to 
stimuli with 40 Hz AM were poorer than when they were awake, but still larger than 
with 90 Hz AM when they were awake or asleep (Table 3 and 4). This confirms the 
results reported by Dobie & Wilson (1998). It is well-known that 40 Hz responses 
are smaller during sleep. Although comparison of Tables 3 and 4 shows a trend in 
this direction, these differences were not significant. Thus, this indicates that 
irrespective of the arousal state of adult subjects, the 40 Hz ES stimulus is likely to 
produce larger SNRs than the 90 Hz stimulus. The state of arousal might play a 
role: it should be noted that the subjects were most probably in a superficial sleep 
rather than a deep sleep. 
In the present study, the infants were only tested while they were asleep. 
Comparison of the results of the infants in Tables 5 and 6 indicates that 40 Hz AM 
produced smaller ASSRs than 90 Hz AM in the sleeping state. In contrast with the 
results found in adults, even after the EEG-channels had been optimised to detect 
40 Hz responses, the reliability of the 40 Hz response in the infants while they 
were asleep, was much smaller than in the adults (asleep or awake). Therefore 
the 90 Hz response is preferable, in agreement with earlier reports (Stapells et al., 
1988; Levi et al., 1993; Rickards et al. 1994; Levi et al. 1995; Lins et al. 1996; 
Cone-Wesson et al. 2002b; Pethe et al. 2004).   
 
Clinical application 
In summary, in adults (awake or asleep), the largest ASSRs were produced by ES 
stimuli with 40 Hz amplitude modulation. Contrastingly, 90 Hz AM and 2 kHz ES 
stimulus or a 500 Hz MM stimulus produced larger ASSRs in the infants. EEG 
derivations that produced large SNRs in the adults were inion-Cz, neck-Cz and 
ipsilateral mastoid-Cz, whereas in the infants, the ipsilateral mastoid referenced to 
Cz, Pz or inion produced large ASSRs. 
We employed several combinations of stimuli, and several recording parameters 
but always a fixed recording time to obtain SNRs. It might be interesting to 
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translate these SNRs into recording times and compare these times to those that 
can be expected with the “standard stimulus” that has been used in many studies, 
i.e. 90 Hz MM stimulus while the subjects are asleep. When our adults were 
awake, the 2 kHz 40 Hz ES stimulus produced an SNR of about 10 on average, 
while the “standard stimulus” produced an SNR of about 3.0 (Table 3). Thus, the 
SNR was about 3.3 times larger. Assuming that the recording time is proportional 
to 1/(SNR)2 , this translates into a recording time of 10% of that of the standard 
stimulus. Following the same line of reasoning, the 500 Hz stimulus would reduce 
the recording time to below 10% of the recording time that was obtained with the 
standard stimulus. In the infants, the 2 kHz 90 Hz ES stimulus and the “standard 
stimulus” produced SNRs of about 8.7 and 6.0, respectively (Table 5). Therefore, 
the SNR might be improved by 8.7/6.0=1.45, which would reduce the recording 
time by about 50%. The 500 Hz MM stimulus was already being used as the 
standard stimulus, so this SNR did not improve in the present study.   
In the present study, ASSRs could be improved in adults and in infants by using 
new combinations of stimulus types and EEG channels that produced large SNRs. 
Future studies might optimise the stimuli to further reduce the recording time in 
clinical practice. Our study population comprised two extreme age groups: infants 
of younger than six months and adults. Different stimuli produced large SNRs in 
these two groups. Therefore, in future research, it might be interesting to 
investigate which stimuli produce large SNRs in the age groups in between. 
 
 
Table 7. Number of subjects in sleep stage w (wakefulness), 1, 2, 3 or 4 according to 
Rechtschaffen and Kales (1968). In experiment 1B subjects were awake. During the 
second half of the recording session (experiment 1C) the same subjects were asleep 
 
 
 
 awake asleep 
 500 Hz   2000 Hz  500 Hz 2000 Hz 
stage 40 Hz 90 Hz 40 Hz 90 Hz 40 Hz 90 Hz 40 Hz 90 Hz 
w 7 8 9 5 1 - - - 
1 2 - - 2 1 1 1 - 
2 - - - - 3 6 3 6 
3 1 1 - 1 2 2 4 2 
4 - - - - 3 - 2 2 
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ABSTRACT 
 
Tone-evoked Auditory Brainstem Responses (tone-burst ABRs) and Auditory 
Steady-State Responses (ASSRs) with 40 or 90-Hz amplitude modulation (AM) 
were compared, using the same equipment and recording parameters, to 
determine which of these three methods most accurately approached the 
behavioural hearing thresholds in response to 500 Hz and 2000-Hz stimuli in 11 
awake adults with normal hearing.  
Estimates of the thresholds obtained with the three methods were 10, 18 and 26- 
dB SL at 500 Hz and 10, 12 and 22-dB SL at 2000 Hz with 40-Hz ASSR, 90-Hz 
ASSR and tone-pip ABR, respectively. ASSRs with 40-Hz AM stimuli produced 
significantly better results (lowest thresholds with SD = 0), whereas the wave-V 
analysis on the tone-burst ABR produced the poorest results. In the averaged 
ABRs, a robust steady-state potential was also visible. Analysis of those steady-
state responses showed estimated thresholds of 13 and 14-dB SL (500 and 2000 
Hz, respectively), thus considerably better than the estimated thresholds from the 
wave-V analysis.  
It is concluded that the 40-Hz ASSR showed superior results, especially at 500 Hz.  
 
Abbreviations 
ABR = Auditory Brainstem Response; AM = Amplitude Modulated;  
ASSR = Auditory Steady-State response; EEG = Electro-EncephaloGram; 
LRL = Lowest Response Level; SD = Standard Deviation; SNR = Signal to Noise 
Ratio 
 
 
INTRODUCTION 
 
Auditory brainstem response (ABR) measurements with click stimuli are generally 
considered to be the first option to assess hearing in young children when 
standard behavioural audiometry is inapplicable (Stapells, 2000a). The click-
evoked ABR is not sufficiently frequency specific to estimate hearing thresholds 
within 0.5 – 4 kHz (Gorga et al., 1985; Van der Drift et al., 1987). However, when 
the ABR is recorded and interpreted in the correct manner, it is a powerful tool to 
assess average hearing loss (Stapells, 2000a). 
Attempts to find a frequency-specific method have shown that the ABR can 
also be evoked with short tones or tone bursts (Davis et al., 1979; Purdy et al., 
1989; Gorga et al., 1988; Stapells et al. 1990; 1995; 2000a). In several studies, 
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tone-burst ABR thresholds and behavioural thresholds were found to be well-
correlated (e.g. Gorga et al., 1988; Stapells et al., 1995). However, the 
morphology of the response to tone-burst ABRs was reported to be poor (Stapells 
and Picton, 1981; Stapells, 1994; Stapells, 2000a; Cone-Wesson et al., 2002a). In 
many cases, only wave V could be detected and mostly as what appears to be 
trailing slope and subsequent negative peak of the IV/V complex. Such mutations 
of the target waveform complicates identification and/or interpretation of 
responses, perhaps detracts from clinical broad interest in tone-burst ABR testing. 
As a consequence, to obtain a good signal to noise ratio (SNR), recordings should 
be made of a larger number of responses to repeated brief tones than is the case 
with the standard click ABR as has been suggested by Stapells (2000a). This 
implies relatively long recording times. Statistical response evaluation methods, 
such as the Fsp method (Elberling & Don, 1984; Don et al., 1984; Sinninger, 1993; 
Cone-Wesson et al., 2002a), have yet to be implemented uniformly in evoked-
response test systems, but in frequency-specific ABR testing, this method was 
less successful than visual ABR detection (Sininger et al., 1997; Cone-Wesson et 
al., 2002a).  
Another option to obtain frequency-specific thresholds is to measure the auditory 
steady-state responses (ASSRs), as has been shown by Herdman et al. (2002b). 
These potentials were reported for the first time in the early eighties (Galambos et 
al., 1981). Galambos and co-workers recorded responses to 250-Hz tone-bursts at 
repetition rates of between 10 and 55 Hz. A clear amplitude maximum was found 
at a repetition rate of 40 Hz and it was suggested that the 40-Hz potential was 
mainly the result of super-positioning of middle-latency responses (MLRs). 
However, tonotopic organization of steady-state magnetic-field sources suggest, 
that not overlapping MLRs but slow N1m potentials are responsible for the 40-Hz 
potential (Romani et al., 1982; Pantev et al., 1995; Pantev et al., 1996). Despite 
initial attention paid to the 40-Hz ASSR, it has hardly been used in clinical practice. 
One reason is that the response is adversely affected by natural sleep or drug-
induced sleep (e.g. Pethe et al., 2001). Whereas the ASSRs can be elicited as 
efficiently at modulation frequencies of about 40 Hz as with brief tone bursts at a 
repetition rate of 40/s (as above), Cohen et al. (1991) (among other authors) 
showed another, although smaller, response maximum between 80 and 100 Hz. In 
contrast to 40-Hz responses, ASSRs with higher modulation frequencies (80-100 
Hz) can even be recorded in sedated subjects (Rance et al., 1995). This may be 
an important reason why the former has not yet received wide application as a 
clinical tool. However, the response to 80-100 Hz modulation frequencies is 
relatively small compared to the 40-Hz response and a much lower SNR is 
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obtained. Consequently, relatively longer recording times are needed to find a 
significant response (above the background noise level) at modulation frequencies 
of 80 Hz and above.  
Furthermore, relatively little information is available in print about comparisons 
between the two frequency-specific methods of ABR versus ASSR testing. 
Recently, Van der Werff et al. (2002) compared 90-Hz ASSR thresholds and ABR 
thresholds (click ABR and tone-burst ABR) in a group of sedated children with 
hearing loss. They reported their results only in the form of correlations. High 
correlations (exceeding 0.86) were found between ABR and ASSR thresholds 
recorded in response to 500 and 2000-Hz stimuli. No conclusions were drawn 
about which method of testing was the most effective, apart from the statement 
that “the ASSR may provide a reasonable alternative to the ABR for estimating 
audiometric thresholds in very young children”. The order of the measurements 
was fixed and the equipment used for ASSR testing was completely different from 
that used for ABR testing.  
Cone-Wesson et al. (2002a) studied the relation between ASSR thresholds and 
tone-burst ABR thresholds in 10 adults with normal hearing. ASSR measurements 
were carried out with 0.5 kHz and 4 kHz stimuli, with AM frequencies in the 40 and 
80 Hz regions. The lowest thresholds applied to the visually detected tone-burst 
ABRs. The ASSR thresholds were poorer by between 8 dB and 27 dB. Different 
systems were used to record the tone-burst ABR and the ASSR. Recording times 
also differed significantly between the two methods, namely 240 s for the tone-
burst ABR and 95 s for the ASSR. These two variables (measurement system and 
recording times) can be expected to affect the accuracy of the measurements. In 
sum, these direct comparisons of the tone-burst ABR and the ASSR were 
hampered by differences in recording equipment and procedures.  
Given the advantages and disadvantages of the tone-burst ABR and ASSR, the 
aim of the present study was to determine which method permits the most 
accurate estimates of behavioural hearing thresholds. To make this comparison, 
we decided to keep the measurement parameters as constant as possible, viz. 
stimulation equipment, recording system, electrode positions and recording time 
per measurement. In a quasi-random-order design, method of testing (tone-burst 
ABR and ASSR with AM of 40 Hz and 90 Hz), test frequency and test-tone 
intensity were balanced across the subjects. 
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PROCEDURE AND SUBJECTS 
 
Subjects 
Eleven adults (a pilot study with ten subjects produced significant effects using the 
same non-parametric statistics as has been used in this study) with normal 
hearing participated in the study; hearing thresholds were 20 dB HL or better from 
250 Hz to 8000 Hz. Five of the participants were women. The mean age was 30 
years with a range from 19 to 48 years. 
 
Procedures 
First, behavioural thresholds were determined for each participant in response to 
the six different stimuli: two test frequencies (500 and 2000 Hz) and three 
methods. It was decided to perform the measurements with three fixed stimulus 
levels, namely 10, 20 and 30 dB above the subject’s behavioural thresholds, thus 
at 10, 20 and 30 dB SL (Sensation Level). For a given combination of test 
frequency and method, the lowest presentation level was determined at which a 
response could be detected, called the lowest response level (LRL). The LRL was 
the main outcome measure. It was used instead of “threshold level” to stress the 
fact that we used fixed supra-threshold stimulation levels instead of a threshold 
bracketing method.  
The 18 recordings (two test frequencies, three methods, three intensities) were 
made in a quasi-random order that was balanced across the subjects. A tone-
evoked ABR measurement was always followed by two ASSR measurements (40 
Hz and 90-Hz AM) and the order used in the first subject was shifted one step 
down in the next subject et cetera. In this way, order effects were minimized. Each 
recording, irrespective of whether it concerned the ABR or ASSR, was continued 
until 4.4 minutes of EEG had been recorded (see below). Only one ear was 
measured per person, chosen at random. The subjects were tested while reclining 
in a comfortable bed after being instructed to relax and stay awake. Between 
measurements, it was ensured that the subjects were awake. The influence of the 
arousal state of the subjects has already been demonstrated by Cohen et al. 
(1991). It is likely that the ABR would also have been better if our subjects had 
been asleep. However, our recordings were made while the adult subjects were 
awake, as this reflects our clinical practice. It cannot be assured that subject state 
was ideal for any test mode. As the 40-Hz response is state sensitive and the 
emphasis overall was uniformity over methods, the awake state was the focus, a 
state not necessarily ideal for the shorter-latency responses. On the other hand, it 
is difficult to assure that the subjects were full awake throughout the test runs. 
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Hence true inter-method differences in threshold estimations may not have been 
realized numerically. The measurements were carried out in a darkened sound-
treated room.  
 
Materials and data collection  
The EEG was recorded on three channels. Electrodes were placed on the left and 
right mastoids (inverting), the inion (inverting) and the vertex (Cz; non-inverting). 
The ground electrode was placed on the right wrist. Electrode impedances were all 
below 5 kOhm. The mastoid and Cz positions were chosen because they are 
considered to be the standard positions for ABR measurements (Stapells, 2000a). 
The inion-Cz derivation combined with the ipsilateral mastoid-Cz were found to be 
the best recording positions to obtain ASSRs to 90-Hz AM in awake adults (Van 
der Reijden et al., 2004). The EEG signals were amplified with a Jaeger-Toennies 
pre-amplifier (Erich Jaeger GmbH & Co. Kg, Würzburg, Germany) and analogue 
filtered from 20 Hz (6 dB/octave) to 3000 Hz (12 dB/octave). A gain of 100,000 
was used for all channels.  
To obtain the ASSR, 4.4 minutes of EEG signals were recorded with software that 
was functionally similar to the MASTER software (John et al., 2000), but adapted 
to enable multi-channel recording of responses to brief tones and steady-state 
stimuli. The EEG was sampled at 8000 Hz per channel and stored on a hard disk 
for off-line analysis. Artefact rejection levels for each epoch were + and –30 µV. 
Less than 4% of the epochs per measurement were rejected due to excessive 
EEG artefacts.  
At the start of each measurement, the stimulus was generated by the software and 
then sent to the same data-acquisition card as that used to acquire the EEG 
signals (PCI-6040E, National Instruments). The same base-clock controlled the 
output rate (32000 Hz) of the stimuli, as well as the AD-conversion rate (8000 Hz 
per channel) of the response. Both rates were integer submultiples of this base 
clock (20 MHz). In this way, the stimulus and the response were perfectly time 
locked. The stimuli were attenuated by an audiometer (Interacoustics AC5) and 
presented to the subjects by a Beyerdynamic DT48 headphone. The presentation 
level of the stimulus was adjusted using this audiometer.  
In the ASSR tests, the stimuli were constructed using a central tone of 500 Hz or 
2000 Hz with extra carrier frequencies added on each side at intervals of two times 
the modulation frequency to augment the evoked response (Stürzebecher et al. 
2001). When the 500-Hz tone was amplitude modulated with 90 or 94 Hz (spectral 
width of the electrical signal driving the headphone: 312-688 Hz), one carrier was 
added on each side of the tone. When the 500-Hz tone was amplitude modulated 
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with 40 or 43 Hz (spectral width: 328-672 Hz), two carriers were added on each 
side of the tone. When the 2000 Hz tone was amplitude modulated with 90 Hz or 
94 Hz (spectral width: 1436-2564 Hz), three carriers were added on each side of 
the tone. When the 2000-Hz tone was amplitude modulated with 40 or 43 Hz 
(spectral width: 1484-2516 Hz), six carriers were added on each side of the tone. 
In the left ear, the modulation frequency was 89.844 Hz (for simplicity abbreviated 
to 90 Hz) or 39.0625 Hz (40 Hz), while in the right ear it was 93.75 Hz (94 Hz) or 
42.97 Hz (43 Hz).  
The recorded EEG was time-averaged over intervals of 16 epochs and analyzed 
using the Fast Fourier Transform. The frequency resolution was 0.061 Hz. A one-
sided F-test (p=0.025, F=3.75, SNR=1.94) was performed to evaluate whether the 
response power at the modulation frequency was significantly higher than the 
average power at 60 frequency bins below and above the modulation frequency, 
considered to be noise. A response was considered significant if the F-test was 
significant on any of the three channels.  
To evoke tone-burst ABRs, either 500 Hz or 2000-Hz tone bursts were applied, 
linearly gated with a one cycle plateau and two cycles rise and fall time, in 
accordance with Stapells (2000a). Ipsilateral white noise was used, with a one-
octave-wide notch centred at the tone frequency in accordance with Stapells 
2000a. The noise intensity was 20 dB below the level of the tone. The tone bursts 
were presented at a repetition rate of 19 Hz with rarefaction onset polarity.  
To obtain tone-burst ABRs, the EEG was averaged across a 50-ms window that 
included a 20-ms pre-stimulus interval and a 30-ms post-stimulus interval. A total 
of 4980 (256 x 1.024 x 19) responses were collected (4.4 minutes) and these data 
were split into two sub-averages (replicates) of 4980/2 = 2490 consecutive data-
points. At each stimulus intensity, both sub-averages were printed in the same 
figure for visual analysis. Only data from the ipsilateral-mastoid channel were 
analysed, in accordance with general clinical practice. Furthermore, a pilot study 
revealed that the response pattern on the ipsilateral-mastoid channel was equal to 
or superior to that on the contralateral-mastoid and inion channels. The LRL was 
determined as the lowest intensity level at which a response (wave V) could be 
detected visually in the response replicates, see Figure 1. Figure 1 shows the 
ABRs of one of the subjects with 10-dB SL as the LRL. Wave-V detection was 
limited to the 6-12 ms post-onset region of the 2000-Hz stimulus and to the 12-20 
ms region of the 500-Hz stimulus. Two experienced audiologists made 
independent judgements of the test and retest average-ABR traces off-line. If their 
interpretations disagreed, the average of these two values was taken as the LRL 
value. Their judgements were the same in 82% of the cases (18 out of the 22 
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recordings) and differed by 10 dB (three cases) or 20 dB (one case). To help with 
the identification of wave V, it was decided to supplement the 10, 20 and 30-dB 
SPL recordings with 60-dB SPL recordings (for both test frequencies). These 
recordings were not used for further analysis. 
Statistical analysis of the LRLs consisted of a comparison of mean values and 
their 95% confidence intervals. Multivariate methods or non-parametric methods 
could not be applied because the standard deviation of the LRLs from the 40-Hz 
ASSR was 0 (all LRLs were 10 dB SL) and because this SD was vastly different 
from the SDs of the other two methods. In statistical analysis of the SNRs from the 
40-Hz ASSR and the 90-Hz ASSR, Wilcoxon signed rank test, not Mann-Whitney 
U test, was applied. Because the former test uses within-subject SNR-differences 
to weight each pair, this test is here more powerful than the latter one who uses 
categorical information only. 
 
 
 
 
 
 
 
Figure 1. A clear example of tone-burst ABRs from one subject recorded between the ipsilateral
mastoid and Cz; 2000-Hz stimuli were presented to the right ear at 60 (top), 30, 20 and 10-dB SL. A
threshold level of 10-dB SL was estimated from these traces with peak V (indicated by arrows) at
10 ms after the onset of the stimulus and the negative deflection of this peak indicated by open
triangles. The stimuli started at 20 ms. The dashed curves present averages of the first half of the
recordings (first 2490 traces, 2.2 minutes of recording time), the thin continuous lines present
averages of the remaining half of the recordings and the bold lines present averages of the whole
recording. 
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RESULTS 
 
Table 1 presents the main outcomes of the study. Per test frequency and 
measurement method, firstly the number of subjects having their “lowest response 
levels” (LRLs) at 10, 20 or 30-dB SL are presented. All 11 subjects had a 
significant response to the 40-Hz ASSR at the lowest presentation level (10 dB 
SL), both at 500 and 2000 Hz. The tone-burst ABR produced the poorest results. 
No response was found in three subjects at 500 Hz and in two subjects at 2000 
Hz, even at 30-dB SL. Missing values were replaced by a value of 40-dB SL. 
However, at 60-dB SL, wave V was reproducible in all the subjects. 
The average LRLs of the tone-evoked ABRs were 26-dB SL and 22-dB SL in 
response to 500 Hz and 2000 Hz, respectively (see Table 1). Averaged over all 
the subjects with a reproducible ABR, the mean latency from the stimulus onset 
(start of the rise cycles) of wave V at the LRL was 14.9 ms with a SD of 2.1 ms at 
500 Hz and 10.3 ms with a SD of 1.4 ms at 2000 Hz. 
 The best-mean LRL at the two test frequencies was found for the 40-Hz ASSR 
(10-dB SL with 0-dB SD), followed by the 90-Hz ASSR. Using the Wilcoxon signed 
rank test, the 40-Hz ASSR was found to have significantly (P<0.01) larger SNRs 
than the 90-Hz ASSR for the 500-Hz and the 2-kHz carrier frequency data.  
 
 
Table 1. The lowest response level (LRL) at which a significant response was detected 
with the tone-burst ABR  and the 40 Hz and 90-Hz ASSR. Presentation levels were 10, 20 
and 30 dB Sensation Level (SL). “Total” denotes the total number of subjects in whom a 
response was detected (out of a maximum of 11). The mean LRL, its standard deviation 
and 95% confidence intervals (CI) are also presented  
 
Stimulus level (dB SL) and 
number of LRLs per stimulus 
level (dB SL) 
LRL Stimulus Frequency 
(Hz) 
10 20 30 Total Mean (dB SL) 
S.D. 
(dB) 
95% CI 
(dB) 
Tone-burst ABR 500 2 2 4 8 26 11 19-34 
40 Hz-ASSR 500 11 0 0 11 10 0 10-10 
90 Hz-ASSR 500 5 4 0 9 18 10 12-25 
      
Tone-burst ABR 2000 4 2 3 9 22 12 15-31 
40 Hz-ASSR 2000 11 0 0 11 10 0 10-10 
90 Hz-ASSR 2000 9 2 0 11 12 4 9-15 
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In addition, the 95% confidence intervals in Table 2 indicated that the SNRs at the 
LRL of the 40-Hz ASSR were significantly better than those of the 90-Hz ASSR at 
the two test frequencies, on average by a factor of slightly over 2. 
 
Table 2.   Mean SNRs, their standard deviations and 95% confidence intervals (CI) of the 
40 Hz and 90 Hz ASSRs found at the lowest response level (LRL). SNRs were not 
applicable (NA) to tone-burst ABRs. 
 
SNR Stimulus Frequency 
(Hz) 
Mean 
(dB SL) 
S.D. 
(dB) 
95% CI 
(dB) 
Tone-burst ABR 500 NA NA NA 
40 Hz-ASSR 500 6.8 3.5 4.4-9.1 
90 Hz-ASSR 500 3.3 1.0 2.6-3.9 
     
Tone-burst ABR 2000 NA NA NA 
40 Hz-ASSR 2000 8.1 2.9 6.2-10.1 
90 Hz-ASSR 2000 4.0 1.6 2.9-5.1 
 
 
DISCUSSION 
 
In the present study, we compared the lowest of three levels (10, 20 and 30-dB 
SL) at which tone-burst ABRs and ASSRs (with 40 Hz and 90-Hz AM) could be 
detected in response to 500 Hz and 2000-Hz stimuli. Unlike previous studies, most 
measurement parameters were the same in the tone-burst ABR and the ASSR 
methods. Furthermore, the order of presentation of the 18 measurements per 
subject (three methods, two test frequencies, three intensity levels) was balanced 
across the subjects. 
Table 1 shows that the 40-Hz ASSR produced the best results (lowest mean LRL 
and lowest SD). This conclusion is further supported by the significantly better 
SNRs at the LRL with 40-Hz AM instead of 90-Hz AM. The poorest results were 
obtained with wave-V analysis on the ABR traces. The alert state of the subjects 
may have had a major influence on the better results with the 40-Hz ASSR and on 
the poorer results with the 90-Hz ASSR. The influence of the arousal state of the 
subjects has already been demonstrated by Cohen et al. (1991). It is likely that the 
ABR would also have been better if our subjects had been asleep. However, our 
recordings were made while the adult subjects were awake, as this reflects our 
clinical practice. The results suggest that to achieve objective, frequency-specific 
measurements, the ASSR is the better choice in awake adults. 
One main difference between the tone-burst ABR and ASSR measurements, apart 
from method-specific variables, was that the significance of the ASSRs was 
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determined objectively using a statistical detection algorithm (F test), whereas 
wave V of the ABRs was judged visually by experienced audiologists. In the only 
study we found that compared automated and visual detection of tone-burst ABRs 
(Cone-Wesson et al., 2002a), automated detection using the Fsp algorithm 
(Elberling et al. 1984) led to higher thresholds (lower sensitivity) than visual 
detection. Thus, in our study, it is likely that the LRL values obtained with the tone-
burst ABR would have been even higher if we had used the Fsp.  
Stapells (2000b) performed a meta-analysis on studies that reported on tone-burst 
ABR thresholds. He reported mean-threshold values of 20-dB nHL and 13-dB nHL 
in response to 500 Hz and 2000-Hz tone bursts in adults with normal hearing. Our 
LRLs values are 6-8 dB higher which we consider to be in acceptable agreement, 
because we used fixed stimulation levels with a relatively broad step size (10 dB). 
Furthermore, in many cases, we found an LRL at the lowest level used (10 dB SL) 
which suggests that lower levels would have been found if a bracketing method 
had been used. In the specific cases of the 40-Hz ASSRs with the 500-Hz and the 
2- kHz carrier frequencies, the average LRLs were found at 10-dB SL with a 
standard deviation of 0, which suggests that the average 40-Hz LRL may have 
been even lower if presentation levels lower than 10-dB SL had been used. The 
mean latencies of wave V at the LRL were comparable with those reported at 
threshold level by Stapells et al. (1994) and Picton et al. (1979). In summary, our 
ABR data were in agreement with the data published in the literature. 
It should be noted that the ASSR can be measured with different techniques. Our 
conclusion holds true for ASSRs recorded using a set-up similar to the MASTER 
system (John et al., 2000), but including some enhancements, such as the 
stimulus and selected electrode positions with high SNRs for 90-Hz modulation 
(Cz-inion, Cz-left mastoid, Cz-right mastoid; see Materials and data collection). 
Optimisation of the recording sites with 40-Hz AM may further increase the 
advantage of 40-Hz AM over 90 Hz in awake subjects. However, the response to 
90-Hz AM stimuli should not be disregarded in sleeping subjects, especially in 
infants or adults who are difficult to test. 
The only study in which direct comparisons were made between tone-burst ABRs 
and ASSRs (40 and 95-Hz AM) was conducted by Cone-Wesson et al. (2002a) 
using 500 Hz and 4000-Hz stimuli and subjects who were asleep. These authors 
reported a mean ABR threshold to 500-Hz tone-bursts, that was 15 dB better than 
our mean LRL value. Part of this difference can be ascribed to the broad step size 
and the 10-dB SL as the lowest stimulation level that we applied. Comparison of 
wave-V latencies also showed a discrepancy; while we found a mean latency of 
about 15 ms (SD of 2 ms), in accordance with Stapells et al. 1994), the latencies 
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of Cone-Wesson et al. (2002a) showed a bimodal distribution of around 14 ms and 
9 ms, which suggests that there were differences in the analysis procedures. In 
contrast with the ABR results, their 40 Hz and 90-Hz ASSR thresholds were 10 to 
20 dB poorer than our LRL values. Similar differences were found when we 
compared their results in response to a 4000-Hz stimulus (they did not use 2000-
Hz stimuli) to our results in response to 2000-Hz stimuli. Arousal state may explain 
part of the difference between the studies regarding the 40-Hz AM response, but 
not the 90-Hz AM response. The main reason for the difference in results between 
their study and ours is probably the relatively short ASSR recording time of about 
90 s used by Cone-Wesson et al. (2002a). A further reason might be that they 
used different sets of EEG derivations to detect the tone-burst ABR (ipsilateral 
mastoid-Cz and neck-Cz) and the ASSR (ipsilateral mastoid-Cz). Although it is not 
yet known which EEG derivation(s) produce the largest SNR in sleeping adults, 
some ASSRs might have gone undetected by using only the ipsilateral mastoid-Cz 
derivation. 
A secondary analysis on our tone-evoked ABR data revealed an obvious steady-
state response with a frequency of twice the repetition rate of the tone bursts. A 
similar result was found by Galambos et al. (1981). They reported that a robust 
slow potential with double frequency (40 Hz) was present when using tone-bursts 
with a repetition frequency of 20 Hz. To be more precise: in all 11 subjects, an 
obvious 38-Hz steady-state response was found in the 2000-Hz tone-burst ABR 
recordings; at 500 Hz, an obvious 38-Hz steady-state response was found in 10 
out of the 11 subjects. The mean LRL was 13-dB SL (9-dB SD) with 500-Hz bursts 
and 14-dB SL (5-dB SD) with 2000-Hz bursts. Compared to the LRLs obtained 
from the wave-V analysis, the tone-burst evoked ASSRs were 13 dB and 8 dB 
better at 500 Hz and 2000 Hz, respectively. It should be remembered that the 
former LRLs were obtained by visual inspection, while the LRLs from the steady-
state response in the ABR recordings were obtained using statistical evaluation. 
This is a further important advantage over wave-V analysis. 
In conclusion, the present study showed that steady-state responses were a more 
efficient means of threshold detection than visual detection of ABR wave-V. In 
awake adult subjects, 40-Hz AM produced even better results than 90-Hz AM. As 
the same instrumentation and software can work for both, it is recommended that 
the former be used whenever practical. 
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INTRODUCTION 
 
The auditory steady-state response (ASSR) has been introduced as a promising 
tool to make objective estimates of frequency-specific hearing thresholds in adults 
and in infants. Over the past few years, growing attention has been paid to this 
method and an increasing number of research centres all over the world are 
investigating its effectiveness in subjects with different types of hearing loss and in 
a wide range of age groups. Advantages of the ASSR, over other non-invasive 
objective techniques that can be used to estimate hearing thresholds are:  
1) the ASSR is frequency specific  
2) no specially trained personnel is required to quantitatively evaluate ASSRs, as 
this is done by a statistical test.  
3)  due to the continuous stimulus, responses can be recorded to higher stimulus 
intensities than is possible with click ABR or tone-pip ABR. 
4)  responses can be collected simultaneously from both ears and at several test 
frequencies. 
 
The ASSRs to auditory stimuli are evaluated in the frequency spectrum at well-
defined modulation frequencies and compared to the EEG noise level at adjacent 
frequencies by the F test or by a phase coherence test. Many efforts have already 
been made by research centres to transform the ASSR into a tool that is suitable 
for use in a clinical setting. Despite the clear advantages of the ASSR, several 
issues still need to be resolved before it can be introduced successfully into clinical 
practice. One of these issues is the long recording time necessary to detect the 
small ASSR signals that are buried in EEG noise and electronic noise.  
This thesis describes a series of studies that were designed to evaluate the signal 
to noise ratios (SNRs) of the ASSRs per unit of recording time in adults and in 
infants. Systematic comparisons were made of ASSRs detected with a large 
number of EEG channels. The use of channels that produce large SNRs per unit 
of recording time was expected to shorten the recording time. The results of these 
studies are summarized below. 
 
 
THE STUDIES 
 
Chapter 2 describes the first study on ASSRs in search of high SNRs. In six 
adults, the SNRs of four EEG channels were compared. The one-channel 
recordings were made with the research MASTER system (John et al., 2000). 
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Close attention has been paid to optimise the recording conditions: large surface 
electrodes were used and good mechanical and electrical contact of the 
electrodes to the head of the subjects were ensured by using collodion to fix them 
to the head of the subjects and by putting much electrode paste between the 
electrodes and the head. Special attention was paid to achieve low electrode 
impedances and good quality EEG recordings during the sessions that lasted 
about one hour. Subjects were instructed to relax the muscles of their neck and 
jaws, as this has been found to substantially reduce the EEG noise on the head. A 
carrier frequency of 1 kHz was used, amplitude modulated and frequency 
modulated at 90 Hz or 40 Hz (MM stimulus). 
The SNRs in response to 90 Hz AM stimuli were on average about 50% larger on 
the inion-Cz channel than those recorded on the neck-Cz, ipsilateral mastoid-Cz or 
ipsilateral earlobe-Cz channel. When the 1 kHz carrier was amplitude modulated 
with 40 Hz, no significant differences were found between the SNRs of the EEG 
channels. 
After this first study on adults, a pilot study on infants was performed: one-channel 
recordings of ASSRs were obtained from infants on the inion-Cz channel. It was 
expected that this channel would also produce large ASSRs in infants, as it had in 
adults and that the electric responses would pass through the skull and the scalp 
of the infants more easily due to the thinner bone, the fontanelles and the sutures 
(Langman, 2003). However, poor responses were found on the inion-Cz channel 
using the same recording time and stimulus level as those in the adults. After the 
exclusion of hardware and software problems, it was concluded that the response 
amplitude that was picked-up from the inion-Cz channel was apparently much 
smaller than expected. Possibly other electrode locations produce large 
responses. Therefore, another pilot experiment was performed on four infants; 
ASSRs were recorded from inion-Cz, ipsilateral mastoid-Cz and contralateral 
mastoid-Cz channels under identical stimulus conditions. The largest SNRs were 
found on the ipsilateral mastoid-Cz channel and not on the inion-Cz or 
contralateral mastoid-Cz channels. Apparently EEG channels with large SNRs in 
infants might be different from those in adults. Therefore, it was decided to 
systematically investigate multi-channel ASSRs using a self-build multi-channel 
ASSR system.     
 
In Chapter 3, our new multi-channel ASSR research system was used in twenty 
adults. Simultaneous ten-channel recordings of ASSRs were obtained and 45 
bipolar channels were calculated, which amounted to 55 channels. Left and right 
ears of each subject were stimulated in random order with 500 Hz and 2 kHz 
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carrier frequencies that were 100% amplitude modulated and 20% frequency 
modulated (MM stimulus) with 90 Hz or 94 Hz. In agreement with the result from 
the first study on adults, the largest SNRs were detected on the inion-Cz channel. 
The sensitivity of the response detection could be increased by adding the 
ipsilateral mastoid-Cz channels. Thus, a three-channel set-up is recommended. 
SNRs from the selected derivations ranged from 6% to 118% above the SNRs 
from the conventional ones. 
 
Chapter 4 describes the results obtained with the multi-channel ASSRs system in 
infants aged between 1 day and 5 months. Recordings were made as described in 
chapter 3. The largest SNRs were produced on the mastoids ipsilateral to the ear 
of stimulation combined with the Cz, Pz or inion. In contrast with the results in 
adults, SNRs recorded on the inion-Cz were significantly lower. Thus, a two-
channel set-up is recommended. SNRs from the selected derivations ranged from 
3% to 193% above the SNRs obtained from the conventional ones (ipsilateral 
mastoids-Cz as conventional channels were not taken into account). 
 
In Chapter 5, an overview is presented of ASSRs evoked with different stimulus 
parameters from adults and infants. In adults, the main finding was that 40 Hz 
amplitude modulation combined with a new stimulus, called the ES stimulus, 
produced significantly larger SNRs than the 90 Hz AM stimulus or the MM stimulus 
(40 Hz or 90 Hz AM). The ES stimulus had evenly spaced carrier frequencies that 
filled an octave band. In infants, the ES stimulus produced significantly larger 
SNRs with the 2 kHz stimulus, but not with a 500 Hz stimulus. The MM stimulus 
produced significantly larger SNRs with 500 Hz 90 Hz AM than the 500 Hz 90 Hz 
AM ES stimulus. ASSRs to 40 Hz AM stimuli could not reliably be detected in 
infants.  
 
In Chapter 6, comparisons were made between three frequency-specific methods 
to determine hearing thresholds: tone-evoked ABR, ASSRs to 40 Hz AM stimuli 
and ASSRs to 90 Hz AM stimuli. Responses were obtained to three fixed stimulus 
intensities of 10, 20 and 30 dB above the subject's behavioural hearing threshold 
with the three stimulus types. This study was carried out in 11 adults that were 
awake. The 40 Hz ASSRs produced a lowest response level (LRL) of 10 dB with 0 
dB standard deviation. In contrast, tone evoked ABR produced LRLs of 22 dB SL 
with 2 kHz stimuli and 26 dB SL with 500 Hz stimuli. These levels were 
significantly poorer than those with 40 Hz ASSR. The 90 Hz ASSR produced LRLs 
of 12 dB SL with 2 kHz stimuli, which was not significantly different from the 40 Hz 
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ASSR. With 500 Hz stimuli, an LRL of 18 dB SL was found, which was significantly 
larger than with 40 Hz ASSR.  
Visual interpretation of tone-evoked ABRs in the time domain is more difficult than 
the detection of ASSR in the frequency domain. However, the recordings in adults 
who were awake showed that tone pips with a repetition rate of about 20 Hz also 
produced steady-state responses at a sharply defined frequency near 40 Hz, 
which makes response detection easier. Galambos et al. indicated this in 1981. 
Our threshold estimates using ASSR detection of the tone-evoked responses near 
40 Hz were significantly lower than the visual threshold estimates from the same 
data that were based on wave V. Thus, steady-state response detection methods 
may improve the detection of tone-pip stimuli and other transient stimuli.    
 
 
CONCLUSIONS 
 
The studies showed that the ASSR can be detected more effectively in adults and 
in infants using well-selected EEG channels. Selection of the most effective 
derivations may reduce the testing time in a clinical setting. 
Response detection was also affected strongly by the stimulus type. In adults and 
infants, the 2 kHz ES stimulus improved the responses compared to the 2 kHz MM 
stimulus. But this did not apply to the 500 Hz stimulus: in adults, ASSRs obtained 
with the ES stimulus were systematically larger than those with the MM stimulus 
but this advantage was not significant. In infants, reduced responses were found 
to the 500 Hz ES stimulus as compared to responses from the 500 Hz MM 
stimulus. Probably the MM stimulus is able to stimulate more nerve fibres by 
frequency modulation (FM) than the ES stimulus, which has no FM, is able to do. 
So, probably the MM stimulus is the better choice in infants rather than amplitude 
modulation only. The MM-stimulus at 2 kHz is more frequency specific than the 
ES-stimulus. Therefore, a trade off has to be made between frequency specificity 
and the sensitivity of response detection.  
From the previous chapters it has become clear that ASSRs depend on multiple 
parameters. These included, age, stimulus type, carrier frequency, AM frequency, 
FM frequency, degree and type of hearing loss, electrode positions, duration of the 
recording and relaxation of the muscles of the neck and jaws. We have shown that 
well-selected electrode positions and stimuli that produce ASSRs with high SNRs, 
can reduce substantially the recording time. The results from our studies apply to 
children and adults with normal hearing and at low stimulation levels. Accurate 
estimation of behavioural hearing thresholds has been proven to be more difficult 
in this subject group than in subjects with severe to profound hearing loss using 
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the same stimulus and recording parameters (Rance et al., 1995; Dimitrijevic et 
al., 2002; Picton et al., 2005). Although we did not investigate optimal 
combinations of stimuli and electrode positions in the latter subject group, they 
might benefit from the present results as well. Furthermore, we did not investigate 
ASSRs in the age group of between six months and adulthood. Data from present 
and future studies might enable creating a database with normative response 
amplitudes and noise levels in different age categories. 
Future improvements of stimulus type and equipment might further reduce 
recording time and increase reliability of the ASSR. Some of these are outlined 
here below. 
Since January 2004, it has been possible to obtain multi-channel ASSR recordings 
from infants on a clinical basis at the Nijmegen ORL Department. Some fine 
correlations were found between hearing threshold estimates with the click ABR 
(the gold standard) and the 2 kHz ASSR. In some children, the ASSR indicated a 
highly significant (p<<0.025) response , but after additional evaluations, it was very 
unlikely these children had heard any sound at all, which suggests that these 
ASSR responses had been artifactual. Until now, the exact origin of these artifacts 
has not been fully identified. Possibly there are interactions between the 
electromagnetic field of the headphone at high stimulus levels and the electrode 
leads (Picton et al. 2004; Small et al., 2004). Small et al. (2004) suggested that 
insufficient filtering and/or inadequately low analogue to digital sampling rates of 
the EEG allowed energy from the stimulus to be aliased to the modulation 
frequency. In our system, the sampling rate was well above the Nyquist frequency, 
even at the highest carrier frequencies. Therefore, aliasing was unlikely to cause 
artefacts in our recordings. Another type of artifact has been described by Mason 
et al. (1996) and Nong et al (2000) in tone-pip evoked ABR studies. They obtained 
responses at high stimulus levels, that were likely from the vestibular system. So 
far this type of artifact has not been investigated in ASSR studies. A full evaluation 
of hearing threshold estimates from the ASSRs has still to be done. Therefore, it is 
too early to estimate the sensitivity and specificity of the ASSR. The examples 
given above indicate that we have to be cautious when using only the ASSR as a 
clinical tool. The click-ABR still complements the ASSR as the ABR produces 
robust and reliable responses in the time domain. Furthermore, the ABR enables 
latency estimates more easily. It would be of great advantage to the reliability of 
the ASSR if the sensitivity and specificity could be tested thoroughly and improved 
on all levels of the recording technique. This would include hardware testing of the 
pre-amplifiers, their wiring to the data acquisition card and possible artifact 
induction by the stimulus transducer (e.g. headphones or insert earphones). Also 
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studies of fundamental interactions inside the human head, between sources of 
the ASSR responses, may provide knowledge that improves the reliability of ASSR 
detection. 
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INLEIDING 
 
De auditieve steady-state response (ASSR) is een veelbelovende techniek om 
gehoordrempels op een objectieve en frequentiespecifieke manier bij volwassenen 
en kinderen te schatten. De belangstelling voor deze techniek is in de afgelopen 
jaren sterk toegenomen. In een toenemend aantal research centra, verspreid over 
de hele wereld, onderzoekt men hoe nauwkeurig schattingen van gehoordrempels 
zijn bij mensen van uiteenlopende leeftijdscategorieën en met verschillende typen 
gehoorverliezen en hoe de nauwkeurigheid van deze schattingen verbeterd kan 
worden. De aantrekkelijkheid van deze methode, ten opzichte van andere niet-
invasieve technieken die gebruikt worden om gehoordrempels te schatten, zijn: 
1) De ASSR is frequentie-specifiek. 
2) De interpretatie van de ASSR (wel/geen responsie aanwezig) vereist niet dat 
het personeel wat de testen uitvoert intensief getraind is, zoals bijvoorbeeld wel 
noodzakelijk is bij de interpretatie van een click ABR. 
3) Vanwege de continue stimulus (waardoor de luidheid van de stimulus 
toeneemt), is een afschatting van gehoordrempels bij grotere luidheden 
mogelijk dan met een click ABR of een tone-pip-ABR. 
4) Beide oren kunnen gelijktijdig getest worden met meerdere tonen per oor. Dus 
bijvoorbeeld linker en rechter oor kunnen gelijktijdig gestimuleerd worden met 
0.5, 1, 2 en 4 kHz. Omdat elke toon in amplitude gemoduleerd wordt met een 
specifieke frequentie, kunnen de responsies van deze acht stimuli van elkaar 
onderscheiden worden door de amplitudes van deze specifieke frequenties in 
het gemeten EEG analyseren.  
 
De responsie t.g.v. een auditieve steady-state stimulus heeft een scherp 
gedefinieerde frequentie. Door de amplitude op deze specifieke frequentie te 
vergelijken met de amplitude van een groot aantal naburige frequenties (ruis), kan 
m.b.v. de F test of met een fase-coherentie test middels een statistisch criterium 
objectief worden bepaald of de responsie wel/niet significant boven de ruis 
uitkomt.  
Inmiddels is door veel research centra, verspreid over de hele wereld, veel werk 
verricht om de ASSR tot een klinisch bruikbare methode te maken. Veel 
vooruitgang is al geboekt. Ondanks deze inspanningen zijn er zaken die nog om 
oplossing vragen voordat introductie in de kliniek succesvol kan verlopen. Eén van 
deze zaken was de lange meettijd die nodig was om de zeer kleine responsies te 
detecteren in de (EEG + elektronische) ruis.  
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Dit proefschrift beschrijft studies bij volwassenen en kinderen om signaal ruis 
verhoudingen (SNRs) te verbeteren per meettijd-eenheid. In de studies worden 
ASSRs van een groot aantal EEG kanalen met elkaar vergeleken. Kanalen met 
een grotere SNR per meettijd-eenheid zullen binnen een kortere meettijd 
significante responsies geven. Hieronder volgt een samenvatting van deze 
studies. 
 
 
DE STUDIES 
 
In hoofdstuk 2 wordt onze eerste studie beschreven waarin gezocht wordt naar 
ASSRs met hoge SNRs. SNRs van vier EEG-kanalen werden vergeleken bij 6 
volwassen proefpersonen. De metingen werden uitgevoerd met het research 
MASTER systeem (John et al. 2000). In deze studie werd veel aandacht besteed 
aan optimale omstandigheden waaronder de metingen plaatsvonden: elektrodes 
met een groot oppervlak werden met collodion op het hoofd geplakt om een goed 
mechanisch en elektrisch contact met de huid te garanderen. Samen met veel 
elektrode-pasta tussen de huid en de elektrodes, resulteerde dit in lage elektrode-
impedanties en kon EEG van goede kwaliteit worden geregistreerd. Verder kregen 
de proefpersonen instructie om de nekspieren en de kaakspieren te ontspannen. 
Hierdoor kon de EEG-ruis substantieel worden gereduceerd. Auditieve stimuli 
waren tonen van 1 kHz die amplitude en frequentie gemoduleerd waren met 90 Hz 
of 40 Hz (Mixed Modulation (MM)-stimulus). 
Het resultaat van deze studie was dat gemiddeld een 50% hogere SNR bereikt 
kon worden bij 90 Hz gemoduleerde stimuli, indien de responsies van inion-Cz 
werden gebruikt i.p.v. nek-Cz, ipsilateraal mastoid-Cz of ipsilateraal oorlel-Cz. Bij 
40 Hz amplitude gemoduleerde stimuli werden geen significante verschillen tussen 
de EEG kanalen gevonden. 
Vervolgens werd een pilot studie bij kinderen gedaan. Eén-kanaals ASSRs 
werden van inion-Cz afgeleid. Omdat deze afleiding bij volwassenen mooie 
responsies met grote SNRs gaf en omdat de botdikte van de kinderschedel kleiner 
is dan bij volwassenen, in het bijzonder bij de fontanellen en de suturen, 
verwachtten wij bij de kinderen SNRs te vinden die even groot of groter zouden 
zijn. Helaas bleek het tegenovergestelde het geval: responsies bleken vaak niet-
significant te zijn ondanks dat dezelfde stimulus en registratie-parameters als bij 
volwassenen werden gebruikt. Nadat eventuele defecten in de apparatuur en in de 
software waren uitgesloten, kwam het idee naar voren dat bij kinderen wellicht 
andere EEG-kanalen hogere SNRs zouden kunnen geven dan bij volwassenen. 
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Daarom werd een pilot-experiment bij vier kinderen uitgevoerd. In dit experiment 
werden bij elk kind achter elkaar ASSRs onder identieke stimulus condities 
gemeten bij de volgende drie EEG-kanalen: inion-Cz, ipsilateraal mastoid en 
contralateraal mastoid. De resultaten van dit experiment lieten duidelijk zien dat de 
grootste SNRs waarschijnlijk te vinden zouden zijn bij het ipsilateraal-mastoid-Cz 
en niet bij inion-Cz of het contralateraal-mastoid-Cz. Dus dit was een aanwijzing 
dat EEG kanalen met hoge SNRs bij kinderen andere kanalen zouden zijn dan bij 
volwassenen. Vervolgens werd besloten om een meerkanaals ASSR-systeem te 
bouwen om langs systematische weg uit te kunnen zoeken welke EEG afleidingen 
de grootste SNRs geven bij volwassenen en welke dat doen bij kinderen. 
 
In hoofdstuk 3 worden de resultaten met het nieuwe meerkanaals ASSR-systeem 
bij twintig volwassenen beschreven. ASSRs werden geregistreerd met tien-
kanaals EEG. Van deze tien kanalen, die Cz als gemeenschappelijke referentie-
elektrode hadden, werden off-line alle 45 bipolaire kanalen berekend. Linker en 
rechter oor werden in random volgorde gestimuleerd met 500 Hz en 2 kHz tonen 
die 100% amplitude gemoduleerd en 20% frequentie gemoduleerd waren met 90 
Hz of 94 Hz (MM-stimulus). Deze studie liet zien dat de grootste SNRs onder alle 
stimulus condities gevonden werden in het EEG van de inion-Cz afleiding. Dit is in 
overeenstemming met het resultaat van onze eerste studie bij volwassenen. De 
sensitiviteit kon verder vergroot worden door ook naar de responsies het 
ipsilaterale mastoid-Cz te kijken. Dus bij volwassenen wordt drie-kanaals ASSR 
registratie aanbevolen. De SNRs van deze drie afleidingen waren 6% tot 118% 
groter dan de SNRs van de conventionele EEG afleidingen. 
 
In hoofdstuk 4 worden de resultaten met meerkanaals EEG registratie van ASSRs 
bij kinderen beschreven. Hun leeftijd varieerde tussen 1 dag en 5 maanden. 
Dezelfde metingen werden uitgevoerd zoals die in hoofdstuk 3 zijn beschreven. 
De EEG afleidingen met de grootste SNRs waren het ipsilateraal mastoid-Cz. In 
tegenstelling tot het resultaat bij volwassenen, gaf het inion-Cz vrij lage SNRs en 
verdient dus niet de voorkeur bij kinderen. Dus bij kinderen die jonger zijn dan 6 
maanden wordt een twee-kanaals ASSR registratie aanbevolen. De SNRs van 
deze twee afleidingen waren 3% tot 193% groter dan de SNRs van de 
conventionele EEG afleidingen (ipsilaterale mastoids-Cz werden hier niet als 
conventionele afleidingen beschouwd). 
 
Hoofdstuk 5 beschrijft een overzicht van de ASSRs onder verschillende stimulus 
condities bij volwassenen en bij kinderen in de leeftijd tussen 1 dag en 5 
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maanden. Bij volwassenen werd als belangrijkste resultaat gevonden dat een 
nieuwe stimulus, ES-stimulus genaamd, met een 0.5 en 2 kHz toon in combinatie 
met 40 Hz AM significant grotere SNRs gaf dan met 90 AM of met de MM-stimulus 
(40 Hz of 90 Hz AM) die eerder in hoofdstuk 2 en 3 werd beschreven. De ES-
stimulus bestond uit een aantal carrier frequenties waarvan de onderlinge afstand 
gelijk was aan de gekozen modulatiefrequentie. Het aantal carrier frequenties 
werd zodanig gekozen dat een hele octaafband hiermee werd gevuld. Bij de 
kinderen werden ook significant grotere SNRs gevonden indien met de ES-
stimulus werd gestimuleerd bij 2 kHz met 90 Hz AM. Maar dit werd niet gevonden 
bij 500 Hz. In tegenstelling tot het resultaat bij volwassenen, gaf de MM-stimulus 
bij 500 Hz met 90 Hz AM significant grotere SNRs bij kinderen. Verder konden 
ASSRs ten gevolge van 40 Hz AM stimuli niet betrouwbaar worden opgewekt bij 
kinderen. 
 
In hoofdstuk 6 worden drie frequentie-specifieke methodes met elkaar vergeleken 
op hun vermogen om zo nauwkeurig mogelijke gehoordrempels te schatten bij 
volwassenen. De drie methodes waren: toonpip ABR, ASSR met 40 Hz AM stimuli 
en ASSR met 90 Hz AM stimuli. De stimuli van deze drie methoden werden met 
drie vaste stimulusintensiteiten aangeboden in een gerandomiseerde volgorde en 
de laagste stimulus-niveau’s waarop significante responsies zichtbaar waren, 
werden met elkaar vergeleken. De uitkomst van deze studie was dat bij ASSRs 
die met 40 Hz AM waren opgewekt, bij alle proefpersonen een laagste response 
niveau (LRN) van 10 dB SL (dus 10 dB boven de gehoordrempel zoals bepaald 
met standaard audiometrie ) werd gevonden. De standaarddeviatie was dus 0 dB. 
De toonpip ABR produceerde een LRN van 22 dB SL bij de 2 kHz toon-pip en een 
LRN van 26 dB SL met de 500 Hz toon-pip. Deze LRNs waren significant hoger 
dan de 10 dB SL die met de ASSR met 40 Hz AM was gevonden. De 2 kHz ASSR 
met 90 Hz AM gaf LRNs van 12 dB SL en deze waarde was niet significant hoger 
dan van de 40 Hz ASSR. De 500 Hz ASSR gaf een LRN van 18 dB SL en deze 
waarde was significant hoger dan bij de 40 Hz ASSR. Kortom, van de onderzochte 
methodes gaf de ASSR die met 40 Hz AM stimuli werd opgewekt, de 
nauwkeurigste schatting van de gehoordrempels bij 2 kHz en 500 Hz. 
Visuele detectie van tone-pip ABRs (wave V detectie) wordt gedaan in het 
tijdsdomein. In de praktijk blijkt, dat het veel lastiger is om deze manier van 
response detectie betrouwbaar uit te voeren dan de methode die wordt 
gehanteerd bij de ASSR in het frequentiedomein. Onze tone-pips werden met een 
herhalingsfrequentie van ongeveer 20 Hz aangeboden aan de proefpersonen. Tot 
onze verrassing bleek, dat de tone-pip ABRs tevens ASSRs produceerden bij een 
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scherp gedefinieerde frequentie in de buurt van 40 Hz. Galambos et al. vonden dit 
eerder in 1981. Hierdoor kan de response detectie veel betrouwbaarder worden. 
Onze schattingen van de LRNs d.m.v. ASSR bij 40 Hz die met tone-pips waren 
opgewekt, waren significant lager dan de visueel bepaalde LRNs (wave V 
detectie) van dezelfde data. Dus, ASSR detectie-methodes kunnen de response 
detectie verbeteren van tone-pip stimuli en van andere kortdurende stimuli. 
 
 
CONCLUSIES 
 
De studies laten zien dat de steady-state response bij volwassenen en bij kinderen 
het beste gedetecteerd kan worden met zorgvuldig gekozen EEG afleidingen die 
een hoge signaal ruisverhouding opleveren. Hierdoor kan de meettijd in de kliniek 
worden bekort, zodat een klinisch haalbare meettijd binnen bereik kan komen. 
Een andere invalshoek om tot een efficiëntere response detectie te komen is om 
andere stimuli in te zetten die, bij gelijke subjectieve luidheid, een grotere 
response geven. Twee typen stimuli werden met elkaar vergeleken: de MM-
stimulus bestaande uit één toon die zowel in amplitude als in frequentie 
gemoduleerd werd en de ES-stimulus die uit meerdere tonen binnen een 
octaafband werd samengesteld en alleen amplitude gemoduleerd werd. In 
hoofdstuk 5 konden we laten zien dat deze ES-stimulus bij volwassenen een 
grotere response amplitude gaf bij stimulatie in een octaafband rondom 2 kHz, dan 
met de MM-stimulus werd gevonden. Daarentegen gaf de MM-stimulus bij 
kinderen een grotere response amplitude bij de 500 Hz toon. Dit zou een 
aanwijzing kunnen zijn dat bij kinderen wellicht grotere response amplitudes 
gevonden kunnen worden door de rol van frequentiemodulatie nader te 
onderzoeken. Zoals uit de figuren in hoofdstuk 5 blijkt, is de MM-stimulus veel 
frequentiespecifieker dan de ES-stimulus. Een nadeel van een zeer 
frequentiespecifieke stimulus is dat een deel van het frequentiebereik niet wordt 
meegewogen in de gehoordrempelschatting. Een bredere stimulus kan op dit punt 
een voordeel zijn. Een afweging tussen frequentiespecificiteit en sensitiviteit van 
de response detectie is dus aan te bevelen. 
Uit de voorgaande hoofdstukken is duidelijk geworden dat de ASSRs van veel 
parameters afhankelijk zijn zoals: leeftijd, stimulus type, carrier frequentie, AM 
frequentie, FM frequentie, de aard en de graad van het gehoorverlies, elektrode-
posities, de duur van de ASSR registratie per stimulus intensiteit en de mate van 
ontspanning van de spieren van de nek en de kaken. We hebben laten zien dat 
zorgvuldig gekozen elektrodeposities de signaal ruis verhouding kan vergroten, 
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waardoor de totale registratietijd gereduceerd kan worden. De resultaten van onze 
studies zijn van toepassing op normaalhorende kinderen en volwassenen bij lage 
stimulatieniveaus. De literatuur laat zien dat betrouwbare gehoordrempelschat-
tingen in deze groep veel lastiger te maken zijn dan bij mensen met een zwaar tot 
zeer zwaar gehoorverlies (Rance et al., 1995; Dimitrijevic et al., 2002; Picton et al., 
2005). We hebben niet onderzocht wat optimale combinaties van stimuli en 
elektrodeposities zijn in deze laatstgenoemde groep. Toch is het heel goed 
mogelijk dat deze groep voordeel heeft bij gebruik van de huidige resultaten. 
Verder hebben we geen onderzoek gedaan in de leeftijdscategorie tussen 6 
maanden en volwassenheid. Uit reeds verzamelde data en uit toekomstige data 
kan een data-base met normgegevens van response amplitudes en ruisniveaus 
voor verschillende leeftijdscategorieën gemaakt worden. Toekomstige verbete-
ringen van stimulus type en apparatuur zou de registratietijd van ASSRs verder 
kunnen bekorten en de betrouwbaarheid van de response detectie kunnen 
vergroten. Hieronder staan een aantal voorbeelden.  
Sinds januari 2004 worden op de afdeling KNO in Nijmegen ASSRs geregistreerd 
bij kinderen. Vaak worden mooie correlaties gevonden tussen de gehoor-
drempelschattingen van de click-ABR (gouden standaard) en van de ASSR bij 2 
kHz stimulatie. Er zijn helaas ook voorbeelden waarin de ASSR duidelijk 
significant is maar waarbij achteraf in de praktijk en na aanvullende evaluatie blijkt, 
dat het kind zeer waarschijnlijk niets hoort. De conclusie moet dan helaas zijn dat 
de ASSR vals positieve responsies heeft gegeven. Voor de duidelijkheid: het gaat 
hier niet om ASSRs die dicht tegen niet-significantie aanzaten, maar om ASSRs 
die zeer significant boven de ruis uitkwamen. De precieze oorzaak van dit type 
vals positieven is nog niet opgehelderd. Mogelijk zijn er interacties tussen de 
sterke elektromagnetische velden, die tijdens harde stimuli door de koptelefoons 
worden opgewekt, en de elektroden (kabels) (Picton et al. 2004; Small et al., 
2004). Small et al. (2004) vonden dat aliasing kan optreden door inadequate 
filtering in combinatie met een te lage analoog-digitaal conversiesnelheid. Hierdoor 
kon energie van de stimulus naar de modulatiefrequentie gaan. In onze ASSR 
apparatuur worden conversiesnelheden gebruikt die ver boven de Nyquist-
frequentie liggen. Daarom was aliasing in ons geval een zeer onwaarschijnlijke 
oorzaak van vals positieven, ook voor de hoogste carrier frequenties. Een ander 
type artefact is beschreven door Mason et al. (1996) en Nong et al (2000) in 
studies met tone-pip ABRs. Bij hoge stimulatie-niveaus vonden zij responsies die 
zeer waarschijnlijk afkomstig waren van het vestibulaire systeem en niet van 
auditieve oorsprong. Tot nu toe is dit type artefact nog niet onderzocht in ASSR 
studies. Uit de bovenstaande voorbeelden blijkt, dat we voorlopig nog heel 
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voorzichtig moeten zijn met gehoordrempelschattingen d.m.v. ASSR. Het is nog te 
vroeg om de sensitiviteit en de specificiteit van de ASSR te bepalen. Een complete 
evaluatie van gehoordrempelschattingen zal in de toekomst noodzakelijk zijn. De 
klik ABR is een uitstekende aanvulling op de ASSR, omdat hij duidelijke en 
betrouwbare responsies geeft en omdat latentietijden eenvoudiger kunnen worden 
gemeten dan met de ASSR.  
Het verdient aanbeveling om alle componenten van de ASSR detectie te 
onderwerpen aan rigoureuze testen om sensitiviteit en de specificiteit te kunnen 
vergroten. Dus het hele traject vanaf de elektrodes, de voorversterker tot en met 
de data-analyse zou grondig onder de loep genomen moeten worden om 
mogelijke oorzaken van vals positieven weg te kunnen nemen zodat betrouwbare 
gehoordrempelschattingen mogelijk worden. Studies van mogelijke interacties van 
ASSR bronnen kunnen bijdragen aan de betrouwbaarheid van ASSR detectie. 
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